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Antibiotics have been regarded as one predominant group of emerging 
environmental pollutants for many years due to their high consumption rate in 
chemical therapy, veterinary and agriculture use. Conventional wastewater 
treatment plants (WWTPs) are only able to achieve variable and often 
incomplete removal of these antibiotics due to their non-biodegradable 
characteristics, resulting in discharge of antibiotic residues into various 
downstream water systems. The rise of antibiotics resistance is considered to 
be closely linked with the environmental antibiotic residues. It is a serious 
threat since it reduces our therapeutic potential against pathogens. The 
possibility of reducing antibiotic resistance highly depends on the ability of 
humans to control the flow of active antibiotics. Hospital wastewater was 
identified as an important point source for antibiotics emission into the 
environment and WWTPs provide an optimal environment for antibiotic 
resistance genes (ARGs) transfer. On-site removal of active antibiotics in the 
hospital wastewater stream before its merging into WWTPs seems to be 
crucial for stopping the widespread of antibiotic resistance. Ultraviolet (UV) 
photocatalytic processes have been suggested to be promising technology for 
various antibiotics removal. This study aims to conduct an in-depth evaluation 
of applying light-emitting diode (LED) driven UVA/TiO2 photocatalysis for 
antibiotics removal in simulated hospital wastewater. 
Sulfamethoxazole (SMX) and Trimethoprim (TMP) were selected as the target 
antibiotics due to their wide use and frequent occurrence in the aquatic 
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environment. UVA/LED/TiO2 photocatalysis of SMX and TMP were 
conducted in a continuous flow photoreactor. The photoreactor achieved stable 
removal of SMX and TMP within 30 min, average decomposition efficiency 
was ranging from 65% to 90% depending on the reaction condition. The 
removal rates of SMX and TMP both tended to decrease with higher 
antibiotics concentrations and system flow rates, while higher TiO2 loadings 
were able to enhance SMX and TMP’s decomposition efficiencies. SMX was 
much easier decomposed in acidic condition, and pH affected little on TMP’s 
decomposition. 0.003% was found to be the optimum H2O2 loading for 
decomposition efficiency enhancement. This part of study confirms the 
capability of the designed continuous photoreactor for SMX and TMP removal, 
and the system performance could be optimized with higher photocatalyst 
loading, increased UV dose and optimum H2O2 dosage. 
Despite of satisfactory removal efficiency, complete mineralization of SMX 
and TMP was not achieved during the photocatalytic process. Based on the 
intermediates identified by LC-MS-MS and GC-MS, photocatalytic 
decomposition pathways of SMX and TMP were proposed. The changes of 
residual antibacterial activity during SMX and TMP decomposition were 
quantitatively assessed. The microbiological assays demonstrated reduced 
residual antibacterial activity with decreased antibiotics concentration. 
UVA/TiO2 photocatalysis achieved 100% elimination of the antibacterial 
activity at the end of SMX and TMP decomposition. Toxicity studies 
conducted with Vibrio fischeri suggested no acute toxicity generated during 
the UV/TiO2 photocatalysis of 1 ppm SMX and TMP, while, chronic toxicity 
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with such low level exposure was still observed. These results provide a closer 
insight into the quality of the treated antibiotics containing wastewater.  
By considering the residue antibiotics and intermediates in the treated 
wastewater may adversely affect following biological treatment process, the 
treated SMX /TMP containing wastewater were fed into SBR systems for long 
term operation and monitoring on nutrient removal and ARGs development. 
Continuous feeding of treated antibiotics wastewater did not adversely affect 
SBR performance in terms of carbon and nitrogen removal, nor did it trigger 
any ARGs development in the SBR microbial consortia, which further 
suggests that the proposed UV/TiO2 photocatalysis might be a feasible pre-
treatment technology for antibiotics removal and antibiotic resistance control 
in hospital wastewater streams. 
Keywords: UVA/LED/TiO2 photocatalysis, sulfamethoxazole, trimethoprim, 
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Chapter 1 Introduction 
1.1 Background 
Antibiotics have been extensively used as human medicines, chemical 
therapies and growth promoters annually (Kümmerer 2001). In both humans 
and animals, up to 95% of antibiotics can be excreted in an unaltered state and 
go into the sewers (Elmund et al. 1971). Conventional wastewater treatment 
plants (WWTPs) are only able to achieve variable and often incomplete 
removal of these antibiotics due to their non-biodegradable characteristics, 
resulting in discharge of antibiotic residues into various downstream water 
systems. They have been regarded as one predominant group of emerging 
micropollutants in the environment. The known contributors of antibiotics to 
municipal WWTPs include pharmaceutical wastewater, hospital wastewater 
and residential wastewater (Giuliani et al. 1996, Guardabassi et al. 1998, 
Hartmann et al. 1998). Other potential contributors of antibiotics in the 
environment especially in the groundwater are surface run-off from 
concentrated animal feeding operations and leachates of land fill with 
pharmaceutical wastes (Hirsch et al. 1999).  
Sulfamethoxazole (SMX) and Trimethoprim (TMP) are mostly used in 
combination as chemical therapy agents and growth promoters in veterinary 
(de Paula et al. 2008, Nieto et al. 2007). In 1999, the drug combination 
sulfamethoxazole-trimethoprim was distributed in a total amount of 26,300 
defined daily doses in Sweden (Skold 2000). Environmental residues of SMX 
and TMP have been detected in municipal WWTPs effluent and surface 
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waters with a level of several hundred ppt (Chang et al. 2008, Gobel et al. 
2004, Gobel et al. 2005), which indicated that they are not completely 
eliminated during wastewater treatment.  
Concerns associated with these antibiotic residues include potential 
genotoxicity, aquatic ecological disruption and promotion of antibiotic 
resistance.  Considering the occurrence of antibiotics in surface water and 
ground water which are the major sources for drinking water, the long term 
ingestion of antibiotics through drinking water consumption may threaten our 
human health (Daughton and Ternes 1999). The rise of antibiotic resistance is 
considered to be closely linked with the widespread use and emission of 
antibiotics. Due to the presence of residual SMX and TMP, their resistance 
genes are frequently detected in wastewaters, surface waters and WWTPs 
(Phuong Hoa et al. 2008, Szczepanowski et al. 2009b, Xu et al. 2015a). The 
direct selective pressure that antibiotics exert on microorganisms promotes the 
development of antibiotics resistance via various mechanisms. The transfer of 
antibiotic resistance genes (ARGs) has long been recognized as a serious 
threat since it reduces our therapeutic potential against pathogens (Levy and 
Marshall 2004; Sefton 2002). 
It is suggested that the transport pathway of antibiotic resistant bacteria and 
the ARGs that they carry are similar to the pathways of antibiotics, and the 
possibility of reducing antibiotic resistance depends on the ability of humans 
to control the flow of active antibiotics (Baquero et al. 2008, Pruden et al. 
2006a). A study conducted by Fan and He (2011) proved that continuous input 
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of trace antibiotics was capable to promote ARGs development in the initial-
ARGs-free activated sludge. Hospital wastewater was identified as an 
important point source for antibiotics emission into the environment and 
WWTPs provided an optimal environment for ARGs transfer (Baquero et al. 
2008, Giuliani et al. 1996, Guardabassi et al. 1998, Hartmann et al. 1998). On-
site removal of active antibiotics in the hospital wastewater stream before 
discharging into WWTPs seems to be crucial for stopping the widespread of 
antibiotic resistance.   
Different alternatives have been investigated for the treatment of antibiotics in 
water and wastewater, including biological treatment, membrane filtration, 
adsorption and advanced oxidation processes. Among them, UV/TiO2 
photocatalysis was highlighted as a promising alternative for decomposition of 
various antibiotics (Abellán et al. 2009, Elmolla and Chaudhuri 2011a, Sirtori 
et al. 2009). It has been noted that photocatalytic decomposition efficiency can 
be significantly affected by initial antibiotics loading, TiO2 dosage, UV 
intensity, reactor design and water matrix. It is also well known that 
photocatalysis can hardly achieve complete mineralization of the target 
compounds; the intermediates generated during the oxidation process could be 
still toxic and/or non-biodegradable. Thus, intermediates identification and 
toxicity assessments during the photocatalytic decomposition of antibiotics 
were conducted by several researchers (Michael et al. 2012b, Nasuhoglu et al. 
2011b, Niu et al. 2013, Trovó et al. 2009). However, many researchers fail to 
investigate the residual selective pressure associated with those intermediates, 
and further address its impact on the following biological treatment process, 
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especially in terms of ARGs development in the microbial consortia. High cell 
density and efficient bacterial exchange in the biological treatment process are 
all favorable conditions to promote ARGs generation and transfer. To provide 
a comprehensive evaluation of applying UV/TiO2 photocatalysis for 
antibiotics removal, it is crucial to monitor the ARGs development in 
downstream biological process unit which receives photocatalytic treated 
antibiotics containing wastewater.   
1.2 Problems statement and research contributions 
Based on the literature involving UV photocatalytic decomposition of various 
antibiotics, a few major problems and gaps have been identified and will be 
described in details.  
The first problem is limited applications of reliable and energy-efficient UV 
radiation source. Within 60 published studies from 2010 to 2015 on antibiotics 
removal by UV photocatalysis, 48 studies adopted traditional mercury lamps 
as the UV radiation sources. Mercury lamps are still the most widely adopted 
artificial UV radiation sources, even though they are not capable to provide an 
easy, safe, stable and energy-efficient operation process. The newly emerged 
high-power UV/LED acquires documented advantages of single peak emission, 
stable light output, instant switch on/off and no thermal effect on samples. 
Application of UV/LED in water treatment has been involved as early as in 
January 2005 for the oxidation of perchloroethylene (Chen et al. 2005), and in 
the following year, UV/LED was used in photocatalytic decomposition of 
reactive red 22 (Wang and Ku 2006). While, regardless of those well-known 
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advantages, the applications of UV/LED initiated AOPs for water treatment 
from 2005 onwards are not comparable to the traditional mercury lamps. From 
2007 to 2015, there are 20 publications focusing on decomposition of organic 
pollutants in water by UV/LED photocatalysis, and only 2 studies are dealing 
with antibiotics (Malkhasian et al. 2014, Vaiano et al. 2015).  More 
investigations on antibiotics decomposition are required in order to understand 
the full potential of UV/LED for environment pollution abatement. High-
power UV/LED as an alternative UV radiation source has its capability to 
overcome the challenges of traditional mercury lamps. Efficient removal of 
organic contaminants by continuous UVA/LED/TiO2 photocatalysis 
incorporating the reliability, design flexibility and high energy-efficiency of 
UV/LED, will provide an in-depth understanding on the potential of UV/LED 
application in water and wastewater treatment.  
The second stated problem is regarding the operation mode and design of the 
slurry photoreactor. Due to larger available catalyst surface area, slurry 
photoreactor is able to obtain better photocatalytic oxidation performance 
when comparing to fixed-film photoreactor (Alexiadis and Mazzarino 2005, El 
Madani et al. 2006, Nawi et al. 2011). In studies that use slurry photoreactors 
for UV photocatalytic decomposition of antibiotics, the experiments were 
mostly conducted in batch mode or semi-continuous mode (Dimitrakopoulou 
et al. 2012, Giraldo et al. 2010b, Hu et al. 2007b, Nasuhoglu et al. 2011b). UV 
photocatalysis has been suggested to be promising technology for removal of 
recalcitrant antibiotics. In the real scenario for treatment of antibiotics 
containing wastewater, in order to reduce the operational cost and take care of 
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the partial mineralization, combination of UV photocatalysis and biological 
treatment process could be a potential alternative. However, it will be difficult 
to couple UV photocatalysis with another treatment process if the designed 
photoreactor is not operated in continuous mode. Therefore, UV 
photocatalysis should be conducted with a well-designed continuous 
photoreactor in order to widen the applications of this technology. 
The majority of documented continuous slurry photoreactors are the classical 
annular reactor of the immersion type with lamps immersed within the reactor 
(Asha et al. 2015, Monteiro et al. 2015, Patsios et al. 2013, Rezaei et al. 2014, 
Zhou et al. 2011); the major drawbacks of this design are limited UV 
transmission, difficult lamp maintenance and high heat transmission to the 
sample solution. LED lamps can be combined in any shape to produce highly 
efficient illumination; this outstanding advantage allows more photoreactor 
design options for UV photocatalysis to be considered. Subsequent application 
of the continuous photoreactor incorporating LED lamps for organics removal 
will demonstrate the feasibility of conducting UV photocatalysis in continuous 
mode, and also widen the practical applications of this technology. 
The third problem is lacking of proper and practical assessment of 
photocatalytic treated antibiotics containing wastewater. One well-known 
drawback of photocatalysis is the partial mineralization of the target 
compounds, which results in generation of intermediates during the oxidation 
process. Many researchers successfully identified the intermediates and  
proposed the decomposition mechanism of each target compound (Abellán et 
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al. 2007, Anquandah et al. 2011b, Luo et al. 2012, Sirtori et al. 2010b, Trovó 
et al. 2009). Acute and chronic toxicity assessments during the photocatalytic 
decomposition of high loading antibiotics (10-60 ppm) were also conducted 
(Michael et al. 2012b, Nasuhoglu et al. 2011b, Niu et al. 2013, Trovó et al. 
2009). However, these reported toxicity data may not work in the real aquatic 
environment where organisms are typically exposed to trace levels of 
antibiotic residues over long periods of time. In the case of antibiotics 
decomposition, there could be a high chance for those intermediates to still 
retain certain level of antibacterial activity, which may act as the key factor for 
ARGs development.  Though Paul (2010) indicated successful elimination of 
antibacterial activity during the UV photocatalysis of aqueous ciprofloxacin, 
this might not be sufficient enough, as antibiotics are normally detected as a 
group of mixtures in the real aquatic environment, due to the synergetic effect 
between different antibiotics, the overall residual antibacterial activity could 
be retained even after the photocatalytic decomposition. In conclusion, both 
the toxicity and antibacterial activity assessment of the photocatalytic treated 
antibiotics containing wastewater should be more practical and more linked 
with the real scenario. 
SMX and TMP are mostly used in combination due to their synergistic effects; 
they are often detected in the aquatic environment simultaneously. It is 
hypothesized that antibacterial activity exerted by antibiotics mixture could be 
more persistent than the pure antibiotic, thus, elimination of antibacterial 
activity was assessed during photocatalytic decomposition of the antibiotics 
(SMX and TMP) mixture. Besides, as organisms are typically exposed to trace 
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levels of antibiotics over long periods of time, to include this real scenario, 
chronic toxicity assessment during the decomposition of low concentration 
SMX and TMP was also conducted. This part of research aims to pinpoint 
these two critical factors that should be noticed during the photocatalytic 
process, as well as provide a more comprehensive assessment of the 
photocatalytic treated SMX and TMP containing wastewater by considering in 
a more practical way.  
UV photocatalysis could be an efficient pre-treatment process for antibiotics 
removal. It is however well addressed in the literature that residual toxicity 
may still adversely affect the performance of the following biological 
treatment process, and with zero toxicity input, the established biological 
treatment units were able to deliver satisfactory nutrient removal  of the pre-
treated antibiotics containing water (Chan et al. 2004, Elmolla and Chaudhuri 
2011b). It is also indicated that residual antibacterial activity may trigger 
ARGs development in the microbial consortia (Michael et al. 2012b, Paul et al. 
2010), but the problem is that no researchers have ever conducted a study 
monitoring the ARGs development in a biological treatment unit which 
receives photocatalytic treated antibiotics wastewater. As antibacterial activity 
may not be the only factor that triggers ARGs development, and biological 
treatment unit is normally a favorable condition for ARGs generation and 
transfer, zero antibacterial activity does not necessarily result in zero antibiotic 
resistance. Furthermore, the monitoring of ARGs development in microbial 
consortia should be conducted as a long-term study. According to Fan and He 
(2011), ereA gene development in initial-ARGs-free activated sludge was 
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detected after 1 year continuous input of 100 ppb erythromycin. In anaerobic 
reactors treating pharmaceutical wastewater, sulfamethoxazole, erythromycin 
and tetracycline resistance genes increased significantly after an operation 
period of 10 months (Aydin et al. 2015b). In contrast, Collado et al. (2013) 
was not able to observe promoted expression of sulI gene within a 2-month 
monitoring. Therefore, to confirm the feasibility of using UV photocatalysis as 
a pre-treatment process for antibiotics removal, it is necessary to investigate 
the long-term effect of photocatalytic treated antibiotics containing wastewater 
on ARGs development in the subsequent biological treatment unit. 
The overall objective of applying UV photocatalysis for antibiotics removal is 
to prevent ARGs spreading by controlling of antibiotics emission at the source. 
Complete elimination of antibiotics and its associated antibacterial activity 
does not necessarily demonstrate that UV photocatalysis is a feasible pre-
treatment technology, since ARGs development could be triggered by various 
factors and the subsequent biological treatment unit is a favorable reservoir for 
ARGs transfer. To solve this doubt and fill the gap in the literature, this 
research conducted a long-term monitoring on ARGs development in the SBR 
systems which receives the photocatalytic treated SMX and TMP wastewater. 
With solid data on ARGs development, it will be more convincing to draw 
conclusions on the feasibility to apply UV photocatalysis for antibiotics 
removal and antibiotic resistance control. 
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1.3 Research scope and objectives  
In view of those stated problems, the overall objective of this research is to 
evaluate the application of LED driven UVA/TiO2 photocatalysis for 
antibiotics removal in simulated hospital wastewater. Sulfamethoxazole (SMX) 
and trimethoprim (TMP) were selected as the target antibiotics since 1) they 
present low sorption coefficients and they tend to remain and move in the 
aqueous phase, 2) no remarkable biological transformation is expected due to 
their low biological decomposition constants, and 3) they are the predominant 
antibiotics that trigger ARGs development in WWTPs and other water systems. 
UVA/LED/TiO2 photocatalysis of SMX and TMP was conducted in a well-
designed continuous photoreactor; a comprehensive evaluation of this 
treatment process was delivered in terms of decomposition efficiency of 
SMX/TMP, antibacterial activity and toxicity assessment of treated 
SMX/TMP containing wastewater, effects of treated SMX/TMP containing 
wastewater on ARG development in sequencing batch reactors (SBRs). Detail 
objectives are listed as follow: 
Objective 1 - Treatment of SMX and TMP containing wastewater by 
continuous UVA/LED/TiO2 photocatalysis 
 To design and setup a UVA/LED photoreactor for continuous 
photocatalysis 
 To investigate the removal efficiency of SMX and TMP by continuous 
UVA/LED/TiO2 photocatalysis 
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 To evaluate the effects of different experiment conditions and optimize 
the photocatalytic process 
Objective 2 - Antibacterial activity and toxicity assessment of photocatalysis 
treated SMX and TMP containing wastewater 
 To identify the generated intermediates and propose photocatalytic 
decomposition pathway of SMX and TMP 
 To quantify the residual antibacterial activity during the photocatalytic 
decomposition of SMX and TMP 
 To assess acute and chronic toxicity of treated SMX and TMP 
containing wastewater 
Objective 3 - Effects of photocatalytic treated SMX and TMP containing 
wastewater on ARGs development in SBRs 
 To evaluate the effects of treated SMX and TMP containing 
wastewater on nutrient removal in SBRs 
 To conduct long-term monitoring on ARGs development in the SBRs 
that receive treated SMX and TMP containing wastewater 
 To understand the transfer mechanism of SMX and TMP resistance 
genes   
The more detailed research scope and the linkage between each part are 
illustrated in Figure 1.1.  
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1.4 Organization of the thesis 
This thesis aims to evaluate the feasibility of applying UVA/LED/TiO2 
photocatalysis for antibiotics removal focusing on removal efficiency of the 
target antibiotics, comprehensive assessment of treated antibiotics wastewater 
and monitoring subsequent ARGs development in the SBR systems. The 
whole thesis is divided into seven chapters, and its organization is described as 
following: 
Chapter 1 provides a general overview on antibiotics emission in the aquatic 
environment, its associated concerns and the urgent need of a proper treatment 
technology. UV photocatalysis is proposed as an alternative for antibiotics 
removal, the current limitations and gaps of this application are elaborated. To 
well address the stated problems, the objectives and scope of this research are 
describes in details. 
Chapter 2 is a literature review which provides detail information about 
characteristics and current treatment strategy of hospital wastewater, 
occurrence of antibiotics and ARGs in aquatic environment, available 
treatment method for antibiotics and ARGs removal. Principle, key 
components and challenges involved in UV photocatalysis are also included in 
this part. 
Chapter 3 describes detail materials, methods and data analysis adopted for 
experiments conducted in this study. 
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The results and discussions of this study are presented from Chapter 4 to 
Chapter 7. 
Chapter 4 introduces a well-designed continuous UVA/LED photoreactor, as 
well as its capability for SMX and TMP removal by using continuous 
UVA/LED/TiO2 photocatalysis. Variations of the photoreactor performance 
with different experimental conditions are discussed in details.  
Chapter 5 mainly shows the comprehensive assessment of the photocatalytic 
treated SMX and TMP containing wastewater. The assessment is conducted in 
aspect of residual antibacterial activity and toxicity of the treated wastewater. 
Moreover, decomposition pathways of SMX and TMP are proposed based on 
the identified intermediates. 
Chapter 6 demonstrates the effect of photocatalytic treated SMX and TMP 
containing wastewater on ARGs development in SBR systems. Carbon and 
nitrogen removal profiles in SBRs assimilated with treated and untreated 
wastewater are firstly presented. Subsequent ARGs development in the SBRs 
based on a long-term monitoring is discussed. Additional information on 
transfer mechanism of target ARGs is also included.  
Finally, the overall findings of this research and recommendations for future 
studies are summarized in Chapter 7.  
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Chapter 2 Literature Review 
2.1 Hospital wastewater 
Hospitals are known to be intensive consumers of water, thus generating 









) (Gautam et al. 2007). Moreover, hospital 
effluents contain a very complex water matrix, loaded with various chemical 
compounds and microorganisms. It has been recognized as a potential risk to 
directly discharge hospital wastewater into the conventional WWTPs without 
any proper on-site treatments.  
2.1.1 Hospital wastewater characteristics 
Hospital wastewater constitutes a major discharge of chemicals, including 
antibiotics (most important one), cytostatic agents, anaesthetics, disinfectants 
and iodinated X-ray contrast media (Kümmerer 2001). Due to the inefficient 
removal of these refractory chemicals by the conventional wastewater 
treatment systems, elevated levels of chemical residues especially 
pharmaceuticals are detected in the effluents of municipal wastewater 
treatment plant (WWTP) receiving hospital wastewater worldwide (Carballa et 
al. 2004, Kolpin et al. 2002, Kümmerer 2001, Snyder et al. 2003). Though it is 
difficult to distinguish between pharmaceuticals which originate from 
hospitals connected to the sewer and from the other sources (residences and 
pharmaceutical industries), several studies have shown that for substances 
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such as iodinated X-ray contrast media and antibiotics, hospital is the major 
source (Diwan et al. 2010, Pena et al. 2010a).  
Besides refractory and potent chemicals, hospitals discharge plenty of 
undesired pathogenic propagules. Due to high cell densities and high antibiotic 
concentrations, the vertical and horizontal resistance gene transfers occur at a 
significantly higher level in hospital wastewater. Several studies clearly 
demonstrate that hospital wastewaters emit bacteria with antibiotic ARGs, and 
hospital wastewaters are a source of bacteria with acquired ARGs with a factor 
of 2-10 higher than domestic wastewater.  
Characteristics of hospital wastewater in different regions are shown in Table 
2.1. COD levels in all hospital wastewater streams are below 1000 ppm, 
biodegradability is ranging from low to moderate. The total coliform counts in 
hospital wastewaters are typically higher than those in domestic wastewaters.  
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2.1.2 Occurrence of antibiotics in hospital wastewater 
For human purpose, antibiotics are mainly used for medical service and 
surgical service in hospital. A survey in a German university hospital revealed 
that antibiotic use was increased by 16% for the surgical services, and by 20% 
for the medical services, in the period of 1998-2000 (World Health 
Organization, WHO). Hospital wastewater has been recognized as a major 
point source for the emission of antibiotic residues. In order to correctly 
evaluate the risk of antibiotics, many efforts are made to estimate the 
concentration level of antibiotics in hospital wastewater stream. 
Diwan (2010) quantified the antibiotics levels at 10:00 and 16:00 in three 
sampling sites associated with a hospital in India (site 1: incoming safe water 
sources; site 2: the point of exit of wastewater from inpatient wards of the 
hospital; site 3: 100 meters downstream from the hospital in subsequent 
drains).  The results clearly demonstrated how the hospital wastewater 
contributed to the antibiotics in the downstream water systems temporally.  No 
antibiotics were present in the incoming water. In site 2, samples collected in 
the afternoon (16:00) showed a higher number of antibiotics and also higher 
residue levels of antibiotics compared to samples collected in the morning 
hours (10:00). This was explained by higher prescription quantity in the 
afternoon and there was a positive correlation between antibiotic prescription 
quantity and residue levels in hospital effluent. Samples collected in site 3 
showed higher residue levels than that collected in site 2; this was due to the 
contribution of antibiotics from other point sources such as residential 
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wastewater. The highest residue level detected was 236.6 µg/L of 
Ciprofloxacin in site 3, comparing to 218.3 µg/L of Ciprofloxacin in site 2 at 
16:00, it was concluded that in the afternoon hospital wastewater tended to be 
the major contributor of the antibiotic residues in the downstream water 
systems.  
Pena (2010b) analyzed 24 wastewater samples, collected during spring and 
autumn from 4 hospital effluents and influent/effluent from a municipal 
WWTP. It indicated that Minocycline (41.7% of the samples) and Tetracycline 
(25% of the samples) were the most frequently detected antibiotics. For 
Minocycline presented in the WWTP (350 µg/L in autumn; 915.3 µg/L in 
spring), the highest concentration of Minocycline (531.7 µg/L) detected in 
hospital effluent reflected that hospital wastewater was an important point 
source. Comparing the results of both seasons, a seasonal influence was 
observed on the detection frequency of Minocycline and Tetracycline. The 
detected antibiotics levels during spring were higher than those detected in 
samples collected during autumn. 
The antibiotics occurrence level in hospital wastewater could vary 
significantly within one day or between different seasons, and it is positively 
correlated with the prescription quantity. The average antibiotics level in 
hospital wastewater is around 200 to 500 µg/L. Some antibiotics presented in 
the hospital wastewater stream are relatively easier to be degraded naturally 
through hydrolysis, photolysis or adsorption. While for those more persistent 
compounds, hundred ppb levels of them have been detected in the downstream 
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sewage and WWTPs influent. Based on the detected antibiotics level in 
hospital downstream, it is concluded that hospital wastewater is a major 
contributor of the antibiotic residues in the subsequent water systems and the 
environment. 
2.1.3 Occurrence of antibiotic resistance in hospital wastewater 
Hospital wastewater is an optimal environment for ARGs transfer as it obtains 
high cell densities and high selective pressure.  Resistance to antipseudomonal 
antibiotics increased by over 20% in a US hospital from 1998 to 2002. In 1998, 
78% of hospital isolates were susceptible to all examined antibiotics, whereas 
in 2002 the susceptible isolates number decreased to 27%. At the same time, 
the number of isolates that were resistant to examined antibiotics increased 
from zero to 32% (Jung et al. 2004). Schwartz (2003) amplified vancomycin 
ARG vanA from enterococci, methicillin ARG mecA from staphylococci and 
β-lactam ARG ampC from enterobacteriaceae in hospital wastewater biofilms; 
vanA and ampC genes were also detected in the following sewer biofilms and 
wastewater biofilms. Guillaume (2000) studied tetracycline resistant bacteria 
and the results indicated that the highest percentage of tetracycline resistant 
bacteria were found in the onsite hospital wastewater treatment facilities, 
where up to 12% of these isolates carried the tetA and tetC genes. These 
studies clearly demonstrate that hospital wastewater is an important 
contributor of antibiotic resistance in various water systems.  
The antibiotics in the hospital wastewater stream exert high selective pressure 
on the microorganism community, and as hospital is a place with crowded 
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susceptible individuals and efficient bacterial exchange, the antibiotic 
resistance in hospital wastewater stream occurs at a significantly high level. 
Hospital isolates all show higher antibiotic resistance than the same strains 
collected from the environment, and the resistance keeps increasing 
throughout the years. Several ARGs have been amplified in hospital and its 
downstream water systems (sewage biofilm, wastewater biofilm, drinking 
water), and hospital wastewater is proposed to be a major source for the 
widespread dissemination of antibiotic resistance in the environment. 
2.1.4 Treatment of hospital wastewater 
Traditionally, hospital wastewater treatment methods have focused on 
removing pathogens, organic carbon, nitrogen and other nutrients that would 
otherwise enable harmful bacteria to thrive and enter water courses. Thus, the 
most commonly used treatment systems for hospital wastewater include 
conventional activated sludge process followed by chlorination for 
disinfection purpose. However, in recent years, studies have revealed that 
small amounts of chemicals, including pharmaceutical compounds and 
endocrine disruptors, are present in hospital wastewater and remain even after 
treatment. Many researchers start to use other biological and physico-chemical 
methods for dealing with these micropollutants. 
Suarez (2009b) evaluated coagulation-flocculation processes for the pre-
treatment of hospital wastewater, including the removal of thirteen PPCPs. 
Results demonstrated that the removal of total suspended solids was very 
effective, reaching an average removal efficiency of 92% in the coagulation-
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flocculation process. Musk fragrances were eliminated to a high degree during 
batch coagulation-flocculation process (tonalide: 83.4±14.3%; galaxolide: 
79.2±9.9%; celestolide: 77.7±16.8%), which was due to their strong 
hydrophobic character promoting the interaction of these compounds with the 
lipid fraction of solids. For diclofenac (DCF), naproxen (NPX) and ibuprofen 
(IBP) maximum removals of 46%, 42% and 23%, respectively, were obtained, 
while the rest PPCPs such as carbamazepine (CBZ), diazepam (DZP), 
sulfamethoxazole (SMX), roxithromycin (ROX) and trimethoprim (TMP) 
which are more hydrophilic were in general not eliminated from the liquid 
phase. 
Recently, Membrane bioreactor (MBR) technology is extensively investigated 
in terms of its feasibility for treatment of highly polluted wastewater streams 
especially from hospital and other health care facilities. Beier (2012b) 
conducted a two years study on evaluating the performance of a full-scale 
hospital wastewater treatment plant equipped with a MBR system in Germany. 
The treatment processes of the hospital WWTP consisted of fine screen, 
primary sedimentation, MBR system and permeate storage tank. Within the 
two-year investigation, the MBR system was highly efficient for removal of 
classical parameters such as solids, carbon and nitrogen. The log removals for 
E.coli and intestinal enterococci were up to 4.5, while retention of viruses was 
less efficient. In terms of Pharmaceuticals and Personal Care Products (PPCPs) 
removal, only one compound named iodinated X-ray contrast media was 
mentioned in this study, and the removal rate was around 10%. Data on the 
removal of other PPCPs were not available in this study. 
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As most PPCPs especially antibiotics are highly hydrophilic, it is very difficult 
to remove them from the liquid phase using physico-chemical methods. MBR 
technology with its high quality effluent has proved to be a good fit for 
hospital WWTP. Marien hospital (2012) in Gelsenkirchen Germany has 
employed MBR technology for its on-site wastewater treatment, the hospital 
WWTP was first put into operation in July 2011. It is one of the first European 
WWTP that focuses on the elimination of micropollutants, as well as the 
purification of the wastewater from the hospital. Till now, there is no available 
data on the micropollutants removal by this newly developed hospital WWTP, 
however, it is noted that this new WWTP also encompasses a variety of 
advanced treatment processes, such as ozonation and activated carbon 
filtration. 
2.2 Antibiotics and antibiotics resistance in aquatic 
environment 
Pharmaceuticals including antibiotics are present in the aquatic environment, 
largely as a result of human excretion. Many active antibiotics are not 
completely metabolized during therapeutic use and thus enter sewage through 
excretion in an unchanged form (Hirsch et al. 1999). Regarding the associated 
concerns of antibiotic resistance promotion, antibiotics have been identified as 
a particular category of trace contaminants, which warrant close scrutiny 
(Watkinson et al. 2007). 
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2.2.1 Origins and dissemination of antibiotics in aquatic 
environment 
Adequate information on the origins and fate of PPCPs in the environment is 
provided by U.S. Environmental Protection Agency (EPA). As antibiotics are 
a typical group of PPCPs, the proposed transport pathways of PPCPs shall be 
representative enough to reflect emissions of antibiotics into the environment.  
Emissions of active antibiotics into conventional WWTPs are mainly due to 
human activities related with pharmaceutical manufacturing, and subsequent 
usage of antibiotics in residence and hospital. Scenarios for residential 
emissions of antibiotics may include human excretion, disposal of 
unused/outdated medication to sewage systems and underground leakage from 
sewage system. Treated/untreated hospital wastes have been considered as a 
major contributor to the release of antibiotics into domestic sewage systems. 
Not all active antibiotics are completely metabolized during therapeutic use, 
thus both unchanged and metabolized drugs enter the sewage system (Hirsch 
et al. 1999, Kummerer 2009). Inefficient removal of released antibiotics in 
conventional WWTPs results in subsequent emission of untreated antibiotics 
and associated derivatives into surface waters and aquifers. Usage of 
antibiotics in agriculture activities may include applying antibiotics containing 
sewage solids as fertilizer and feeding animals as growth promoter. Surface 
runoff and irrigation may play crucial roles to initiate direct discharge of 
antibiotic residues into surface waters, ground waters and soils. Leaching from 
defective landfills and cemeteries could be another pathway for antibiotics 
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releasing into the ground waters. Regardless of various transport pathways, 
most antibiotic residues in the environment tend to be persistent and 
recyclable between human, animals and crops. Long-term effects associated 
with these antibiotic residues and derivatives shall be well addressed.   
 
Figure 2-1 Origins and dissemination of antibiotics in the environment, summarized 
according to the reference (Kummerer 2009) 
2.2.2 Occurrence of antibiotics in wastewater treatment plant and 
downstream water systems 
Due to intensive usage and continuous discharge of antibiotics, wastewater 
treatment plants (WWTPs) are being a major anthropogenic source for 
emission of antibiotic residues into the environment. They are also considered 
as one main hotspot for antibiotic resistance dissemination in the environment 
(Czekalski et al. 2012, Kummerer 2009, Xu et al. 2015c, Zhang et al. 2015)  
Investigations for the occurrence of various antibiotics in wastewater 
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treatment plants have been conducted in several regions/countries (Batt et al. 
2007, Chen et al. 2014, Fatta-Kassinos et al. 2011, Gulkowska et al. 2008, 
Heberer 2002, Rodriguez-Mozaz et al. 2015). The occurrence levels of various 
antibiotics in influent/effluent of WWTPs and downstream water systems are 
summarized in Table 2.2.  
Table 2-2 Occurrence and fate of antibiotics in WWTPs, surface waters and ground 
waters 
 Group/Antibiotics IF 
( ng/L) 











β-lactam      
Amoxicillin 280 ND/CAS (100%)   (Watkinson 
et al. 2007) 
 18 ND/CAS (100%)   (Zuccato et 
al. 2010) 
 6940 50/(99%*)   (Watkinson 
et al. 
2009b) 
Cephalexin 2000 78.2/(96%*)   (Costanzo 
et al. 2005) 
 5600 ND/CAS (100%)   (Watkinson 
et al. 2007) 
 64000 250/(99.6%*)   (Watkinson 
et al. 
2009a) 
Penicillin G <2 <2/CAS Up to 
3 
 (Christian 
et al. 2003, 
Watkinson 
et al. 2007) 
Penicillin V 160 20/CAS (87.5%) Up to 
3 
 (Christian 
et al. 2003, 
Watkinson 
et al. 2007) 
 13800 2000/(86%*)   (Watkinson 
et al. 
2009a) 
Cloxacillin 320 ND/CAS (100%)   (Watkinson 
et al. 2007) 
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 4600 700/(85%*)   (Watkinson 
et al. 
2009b) 
Flucloxacillin   7  (Christian 
et al. 2003) 
Piperacillin   48  (Christian 
et al. 2003) 
Macrolides      
Roxithromycin 500 500/(0%*)   (Watkinson 
et al. 
2009b) 
 18 60/CAS (<0%*)   (Watkinson 
et al. 2007) 
 810±42
0 
540±70/(33%*)   (Ternes et 
al. 2007) 
Azithromycin 152 96/(37%*) Up to 
3 
 (Gros et al. 
2006, 
Yasojima 
et al. 2006) 
 4.5-53 4-23/(11-57%*)   (Loganatha
n et al. 
2009) 
Tylosin 55 20/CAS (64%)   (Watkinson 
et al. 2007) 
 1150±7
0 
60±4/(95%*)   (Yang and 
Carlson 
2004) 
Erythromycin <20 <20/CAS  Up 
to 49 




 60-190 60-110/CAS Up to 
1700 










 (Giger et 
al. 2003, 








 (Hirsch et 
al. 1999, 
Yasojima 
et al. 2006) 
Sulfonamides      
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 500 200/CAS (60%)   (Watkinson 





  (Lin et al. 
2009b) 
 390 310/(34%**)   (Brown et 
al. 2006b) 





Yang et al. 
2005) 
 4010 <30/(>99%*) Up to 
220 








 (Kolpin et 
al. 2002, 
Watkinson 
et al. 2007) 
 10570 180/(98%*)   (Choi et al. 
2007) 
Sulfamerazine 1530 <30/(>98%*)   (Choi et al. 
2007) 
Sulfachloropyridazine 1560 60/(>93%*)   (Choi et al. 
2007) 
Sulfadimethoxine 70 <30/(>57%*) Up to 
60 
 (Kolpin et 
al. 2002, 
Yang et al. 
2005) 
 460 <30/(>93%*)   (Choi et al. 
2007) 
Trimethoprim      
Trimethoprim 930 30/CAS (97%) Up to 
24 
 (Ternes et 
al. 2002, 
Watkinson 






















et al. 2003, 
Lin et al. 
2009b) 
 1172 290/(75%*) Up to 
710 




Tetracyclines      
Tetracycline 35 20/CAS (43%) Up to 
110 
 (Kolpin et 
al. 2002, 
Watkinson 
et al. 2007) 
 46-234 16-38/(66-
90%**) 
  (Lin et al. 
2009b) 
 200 <30/(>85%*)   (Yang et al. 
2005) 
 110 <30/(>73%*)   (Choi et al. 
2007) 
Chlortetracycline 270 60/(78%**) Up to 
690 
 (Kolpin et 
al. 2002, 
Yang et al. 
2005) 
Oxytetracycline 240 <30/(>88%*) Up to 
19.2 
 (Calamari 
et al. 2003, 
Choi et al. 
2007) 
Quinolones      
Ciprofloxacin 50-310 50-60/(22-
100%**) 
9  (Christian 





 90-300 7-60/(87%**) Up to 
30 




















 66-174 7-37/CAS (87%)   (Lindberg 
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20  (Alexy et 
al. 2006, 
Peng et al. 
2006) 






  (Lin et al. 
2009b) 
Abbreviations: IF, influent of WWTPs; EF, effluent of WWTPs; SW, surface 
water; GW, ground water; CAS, conventional activated sludge treatment; SF, 
sand filtration; Fe FL, Fe flocculation; CH, chlorination; ND, not detectable. 
*Removal efficiencies, not reported by authors in the cited study, are 
calculated form the average influent and effluent concentrations which were 
stated in the study. 
**Removal efficiencies reported by authors in the cited study. 
2.2.3 Effects of antibiotics on resistance generation in aquatic 
environment 
Two key elements in antibiotic resistance development include: the presence 
of an antibiotic capable of inhibiting the majority of bacteria present in a 
colony and a heterogeneous colony of bacteria where at least one of these 
bacterium carries the genetic determinant capable of expressing resistance to 
the antibiotics (Levy and Marshall 2004). Only the bacteria coded with 
resistance will survive under the selective pressure, while susceptible bacteria 
can also acquire resistance to antibiotics by either genetic mutation or by 
accepting ARGs from resistant bacteria. The genes that codify the resistance 
are normally located in plasmids and specialized fragments of DNA known as 
transposons (section of DNA containing “sticky endings”), which allow the 
occurrence of horizontal gene transfer (Sefton 2002). Some transposon may 
contain a special, more complex DNA fragment called integron, a site capable 
of integrating different ARGs and thus able to confer multiple antibiotic 
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resistances to bacteria (Levy and Marshall 2004). Antibiotics resistance genes 
can be transferred by conjugation, transformation and transduction. After 
horizontal gene transfer, the developed antibiotic resistance occurs when the 
gene is able to express itself and produce a tangible biological effect resulting 
in the loss of activity of the antibiotics. Some of these resistance mechanisms 
include: antibiotic destruction, antibiotic transformation, antibiotic active 
efflux and receptor modification (Hooper 2005, Jacoby and Munoz-Price 2005, 
Leclercq 2002, Roberts 1996). 
A 2000 World Health Organization (WHO) report considered antibiotic 
resistance as one of the most critical human health challenges of the next 
century. According to the report, more than two million Americans are 
infected with resistant pathogens and 14,000 die as a result. Due to continuous 
emission of those persistent antibiotic residues, massive and various ARGs 
have been detected in sewage systems, WWTPs, hospital wastewater, surface 
water and even drinking water (Table 2.3). 
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Table 2-3 Occurrence of ARGs in aquatic environments, summarized according to 
(Szczepanowski et al. 2009b, Zhang et al. 2009) 
Resistance mechanism/gene 
product 







Km, Tob, Ak AS, EW 
aacA1 Gm, Km, Tob AS 
aacA29b Ak, Km AS, EW 
Aminoglycoside 6'-
acetyltransferase 
aacA4 Ak AS, NW 
Aminoglycoside 
acetyltransferase-6' type I aacA7 
Gm, Tob, Km AS 
Aminoglycoside 3N-
acetyltransferase 
aacC1 Gm AS, EW, 
NW, SW, US 
Aminoglycoside (3)-N-
acetyltransferase 
aacC2 Gm AS, EW, 
NW, SW, US 
aacC3 Gm NW, SW, US 
Aminoglycoside (3)-
acetyltransferase IV 
aacC4 Gm AS, EW, 















Sm, Sp AS, NW 
Aminoglycoside (3')(9)-
adenylyltransferase 
aadA7 Sm, Sp AS, EW 
aadA10, 
aadA6 
Sm, Sp AS, EW 
Streptomycin 3'-
adenylyltransferase 















aadD Km AS, EW 
Aminoglycoside 3'-
phosphotransferase 
aph Km, Neo AS, EW 
strA Sm AS, NW,SW 





aphA Km DW 
aphA-6 Km, Ak AS, EW 
3'5'-Aminoglycoside 
phosphotransferase of type III 
aphA-3 Km AS, EW 
Aminoglycoside-3'-O-
phosphotransferase 








strB Sm AS, NW 
Class A β-lactamase ctx-m-4 Amp, Ctx, Cxm, 
Atm 
AS, EW 
ctx-m-27* Caz, Ctx, Amo, 
Tic, Prl, Kf, Cxm, 
Cpo, Atm 
AS, EW 
ctx-m-32* Amo, Ctx, Caz, 
Fep, Prl, Kf, Fox, 
Cxm 
AS, EW 
shv-34 Caz, Ctx AS, EW 
blaTEM-1 Amp, Pen-G AS, EW 
Class A extended-spectrum β-
lactamase 
ges-3* Titeracillin, Prl, 
Caz, Ctx, Atm, Ipm 
AS, EW 
per-2 Oxyiminocephalos
porins, Atm, Cft 
AS 
blaTLA-2 Amo, Tic, Caz, Kf, 






Metallo-β-lactamase vim-4 β-lactamase EW 
Class B metallo β-lactamase imp-2, 
imp-5 
Amp, Ctx, Fep AS, EW 
imp-9*, 
imp-11 
β-lactamase AS, EW 
imp-13, 
imp-2 
Cxm, Caz, Ctx, 
Cro, Fep, Amp 
AS, EW 
Class C β-lactamase, 
cephalosporinase 
ampC Pen, cephalosporins DW, NW, 
SW, US 
Class C β-lactamase cmy-9, 
cmy-10 
β-lactamase AS, EW 
cmy-13*, 
cmy-5 
β-lactamase AS, EW 
Class D β-lactamase blaNPS-1 Amo, azlocillin, AS 
 Chapter 2 Literature Review 
33 
 
Cec, cefazolin, Cfp, 
Prl 
blaNPS-2 Amp AS, EW 





β-lactamase AS, EW 
oxa-5 β-lactamase AS, EW 
oxa-9 β-lactamase AS 
oxa-10, 
oxa-56 
β-lactamase AS, EW 
oxa-12 β-lactamase AS, EW 




oxa-27 β-lactamase AS 
oxa-40 Amo, Tic, Caz, 





Amp, Car, Mez, Kf AS, EW 
oxa-48 Amo, Tic, Fep, 
Ipm, Cpo, Prl, Ctx 
AS, EW 
oxa-50 Amp, Tic, Ctx, Prl, 
Kf, Cxm 
AS, EW 
oxa-58* Amo, Tic, Cpo, Prl, 
Ipm, Kf 
AS, EW 






Hydrophobic polypeptide cmLB Cm AS 
Chloramphenicol export 
protein 
cmxA Cm AS, EW 
Florfenicol/chloramphenicol 
exporter 
fexA Cm, Ffc AS 
Efflux protein floR, 
cmLA 









Cm AS, EW, SW 
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catIII Cm AS, EW, 
NW 
catA Cm AS, EW 
catB2 Cm AS, EW 
catB4 Cm AS, EW 
catB6 Cm EW 
catB7 Cm AS, EW 
catB8 Cm AS, EW 
cat-TC Cm AS, EW 
Pentapeptide family, DNA-








Cip AS, EW 





Cip, Nor, Nal AS, EW 
Erythromycin esterase type I ereA2, 
ereA 
Em AS, EW 
Erythromycin esterase type II ereB Em AS 





mph(A) Azi, Cla, Em, Rox AS, EW 
Macrolide 2'-
phosphostransferase 
mph Em AS, EW 
Macrolide 2'-
phosphotransferase II 
mph(B) Macrolides AS, EW 
mphBM Macrolides AS 
rRNA adenine N6-
methyltransferase 
ermA Em EW, SW 
ermB Em EW, SW 




MLS EW, SW 
Macrolide-efflux protein, 
MFS permease 







mel Azi, Cla, Em AS, EW 
Erythromycin resistance ATP-
binding protein MsrA 
msrA Em AS 





arr2 Rif AS, EW 
Dihydropteroate synthetase sulA Sul SD 
sulI Sul AS, EW, 
DW, NW, 
SD, SW 
sulII Sul AS, EW, 
DW, NW, 
SD, SW 
sulIII Sul AS, EW, 
NW, SD 
Dihydrofolate reductase dfrII Tp AS, EW 
dfrV Tp AS, EW 
dfr5, dfr7 Tp NW 
dfr12 Tp DW, NW, 
SW 
dfr13 Tp AS, EW 
dfr15 Tp EW, NW 
dfr16 Tp AS, EW 
dfr17, 
dfrVII 
Tp DW, NW 
dfr18 Tp NW 
dfrA19 Tp AS, EW 
dfrB2 Tp AS, EW 
dfrD Tp AS, EW 
dhfr1 Tp AS, EW 
dhfrVIII Tp AS, EW 
dhfrXV Tp AS, EW 




tetA(41) Tc NW 
tetB Tc AS, DW, 
EW, NW, 
SW, US 
tetC Tc AS, EW, 
SW, US 
tetD Tc AS, EW, 
DW, EW, 
SW, US 
tetE Tc AS, EW, SD, 




tetG Tc AS, EW, 
SW, US 
tetH Tc AS, EW, SW 
tetJ Tc SW 
tetL Tc AS 
tet(U) Tc AS, EW 
tetY Tc AS, EW, SW 
tetZ Tc SW 
tet33 Tc SW 
otrB Tc AS, NW, SW 
tet39 Tc AS, EW, SD, 
SW 










factor protein, TetM/TetO 
family 
tetB(P) Tc AS, SD, SW 
tet(M) Tc AS, EW, 
NW, SD, 
SW, US 
tet(O) Tc AS, EW, 
NW, SD, 
SW, US 
tet(Q) Tc AS, EW, 
NW, SW, US 
tet(S) Tc AS, EW, 
NW, SW, US 
tet(T) Tc SD, SW 
tet(W) Tc SD, NW, SW 
otrA Tc AS, NW, SW 
tet(32) Tc AS 
Ribosomal protection 
tetracycline resistance protein 
tet(36) Tc EW 
Small multidrug resistance 
protein, membrane transporter 
of cations and cationic drugs 
qacED1 QAC AS, EW 




QAC AS, EW 
qacG2 QAC AS, EW 
RND family, acrB Multidrug efflux AS, EW 










pump, RND multidrug efflux 
transporter 
mexB Multidrug efflux AS, EW 
mexD Multidrug efflux AS, EW 
mexF Multidrug efflux AS, EW 
mexI Multidrug efflux AS, EW 
mexY Multidrug efflux AS, EW 
ABC type permease orf11 Nal, Nor AS, EW 
Killing in Klebsiella kikA IncN-specific gene AS, EW 















Abbreviations: Ak, amikacin; Amo, amoxicillin; Amp, ampicillin; Atm, 
aztreonam; Azm, azithromycin; Car, carbenicillin; Caz, ceftazidim; Cec, 
cefaclor; Cfp, cefoperazon; Cft, ceftibuten; Cip, ciprofloxacin; Clr, 
clarithromycin; Cm, chloramphenicol; Cpo, cefpirom; Cro, ceftriaxon; Ctx, 
cefotaxime; Cxm, cefuroxime; Em, erythromycin; Fep, cefepim; Ffc, 
florfenicol; Fox, cefoxitin; Gm, gentamicin; Ipm, imipenem; Kf, cephalothin; 
Km, kanamycin; Lev, levofloxacin; Met, meticillin; MLS, macrolide-
lincosamide-streptogramin B; Mez, mezlocillin; Nal, nalidixic acid; Neo, 
neomycin; Nor, norfloxacin; Nv, novobiocin; Ob, cloxacillin; Ofx, ofloxacin; 
Pen-G, penicillin G; Prl, piperacillin; QAC, quaternary ammonium 
compounds; Rif, rifampicin; Rox, roxithromycin; Spar, sparfloxacin; Sm, 
streptomycin; Sp, spectinomycin ; Sul, sulfonamides; Tc, tetracyclines; Tic, 
ticarcillin; Tob, tobramycin; Tp, trimethoprim; Ty, tylosin. 
AS, activated sludge; SW, special wastewater from hospital, veterinary and 
agriculture; US, untreated sewage; EW, effluent of WWTPs; NW, natural 
water; SD, sediments; DW, drinking water.   
*ARGs recently described in clinical isolates. 
2.2.4 Antibiotic resistance development in biological reactor 
WWTPs are considered as important reservoirs for antibiotic resistance 
development. Antibiotics present in the wastewater streams as a form of 
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mixtures, and their occurrence levels usually vary a lot. Due to high level of 
background antibiotic resistance, the variation of ARGs development with 
new antibiotics input events in WWTPs may not be significant. Thus, it is 
difficult to assess the correlation between ARGs development and antibiotics 
occurrence in WWTPs. Several studies established well-controlled bench/pilot 
scale biological reactors to investigate the shift and development of antibiotic 
resistance in the microbial consortia with input of erythromycin, spiramycin, 
tetracycline and sulfamethoxazole (Collado et al. 2013, Guo et al. 2015, Liu et 
al. 2014, Zhang et al. 2013) 
Guo et al. (2015) studied the shift of bacterial resistance to erythromycin 
(ERY) in a bench scale activated sludge system. After biological treatment of 
ERY (higher than 32 ppm) containing wastewater, the total heterotrophic 
bacteria resistant to erythromycin increased from 9.6 to 21.8%, and significant 
amplifications of erythromycin resistance genes (ermA, mefE and ermD) were 
observed in the activated sludge.  Instead of high concentration exposure, Fan 
and He (2011) investigated proliferation of ARGs in SBR microbial consortia 
upon exposure to trace level ERY (100 ppb). One year sludge stabilization 
was firstly carried out to remove the existing background antibiotic resistance. 
After another one year acclimation to ERY, resistance gene ereA was detected 
in the SBR system, which indicated that even trace level ERY was capable to 
promote ARGs generation in the bioreactor.  
The behaviors of the Macrolide-Lincosamide-Streptogramin (MLS) resistance 
genes were investigated by Liu et al. (2014) in an anaerobic/aerobic pilot scale 
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system treating spiramycin (SPM) production wastewater. After nine months 
of acclimation, eight MLS resistance genes were detected in aerobic sludge 
with 2.5 logs higher than those in the control samples, indicating the presence 
of SPM promoted the development of MLS resistance. However, despite of 
higher SPM concentration in the anaerobic system, the total relative ARGs 
abundance in anaerobic sludge was lower than that in aerobic sludge, showing 
the advantage of anaerobic treatment in reducing the production of MLS 
resistance genes.  
Aydin et al. (2015a) investigated the proliferation of ARGs during one year 
operation of anaerobic sequencing batch reactors (SBRs). The anaerobic SBRs 
were used to treat wastewaters that contained combinations of 
sulfamethoxazole-tetracycline-erythromycin (STE) and sulfamethoxazole-
tetracycline (ST). Elevated levels of genes tetA, tetB, sulI, sulII and ermB 
were detected in the effluent from STE and ST reactors. The effluent from the 
STE reactor had a higher number of ARGs than that from the ST reactor, and 
the synergistic effects of erythromycin was suggested to be the main reason. 
The effects of tetracycline (TC) concentration on ARGs development in SBRs 
were evaluated by Zhang et al. (2013). Results showed that the total number of 
the detected resistance genes increased from 1.8×105 to 3.1×105 copies/mL as 
the TC concentration was increased from 1 to 100 ppb.  Significant antibiotic 
resistance developments in biological reactors were mostly observed with near 
one year continuous antibiotic input. In a study conducted by Collado et al. 
(2013), a lab scale SBR was fed with synthetic wastewater that contained 50 
ppb sulfamethoxazole for 2 months. Within the 2-month monitoring, a shift of 
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microbial community was observed, but no elevated abundance of sulI gene 
was detected. 
2.2.5 Treatment technologies for antibiotics removal 
2.2.5.1 Biological treatment in WWTPs 
Transformation of antibiotics during the biological treatments in WWTPs 
could be due to different processes related with biodegradation, sorption and 
hydrolysis. Table 2.2 also summarizes the removal efficiencies of some 
antibiotics in WWTPs applying biological treatments. 
Most β-lactams are not stable to hydrolysis and thus effectively eliminated 
during biological treatment in WWTPs.  Significant removal (96%) of 
cephalexin (2000 to 78.2 ng/L) in a conventional WWTP in Australia was 
reported by Costanzo et al. (2005). Study on amoxicillin elimination in 
WWTPs in Italy and Switzerland showed efficient removal efficiency by CAS 
(100%) (Watkinson et al. 2007).  
Macrolides tend to be persistent along the biological treatment process. 
Negligible removal of roxithromycin was reported by Watkinson et al. (2007, 
2009b), and slightly higher removal efficiency of 33% was achieved in 
German WWTP (Ternes et al. 2007). Both Gors et al. (2006) and Gobel et al. 
(2005) reported zero removal of erythromycin by CAS. For Azithromycin, 
Tylosin and Clarithromycin, variable elimination rates were reported, ranging 
from 11% to 95% (Gobel et al. 2005, Gros et al. 2006, Loganathan et al. 2009, 
Watkinson et al. 2007, Yang and Carlson 2004).   
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Sulfonamides seldom tend to concentrate in the sludge due to its hydrophilic 
characteristic (Abegglen et al. 2009, Pailler et al. 2009). In the study 
conducted by Choi et al. (2007),  all sulfonamides listed in Table 2.2 were 
effectively removed in the aqueous phase by higher than 90%. Similarly, 
Watkinson et al. (2007) reported that sulfamethoxazole and sulfathiazole were 
eliminated in CAS by 60% and 100%, respectively. The presence of 
trimethoprim can generally be correlated with sulfamethoxazole since these 
two drugs are often used in combination (Gobel et al. 2005). The removal rate 
of trimethoprim in WWTPs in Hongkong and Shenzhen ranged from 17 to 62% 
(Gulkowska et al. 2008). Gros et al. (2006)  observed 75% reduction of 
trimethoprim in the WWTP effluents, and Watkinson et al. (2007) reported a 
higher removal rate of trimethoprim by CAS (97%).  
Tetracyclines are one of the most frequently detected antibiotics in wastewater 
(Watkinson et al. 2007). Kim et al. (2005) found no evidence of tetracycline 
biodegradation during the biodegradability test, but sorption was found to be 
the principal removal mechanism in activated sludge. According to the study 
conducted by Yang et al. (2005), tetracycline and chlortetracycline were 
removed by 85% and 78%, respectively, in a WWTP in Colorado. The 
reported reductions of tetracycline in four Taiwanese WWTP were ranging 
from 66 to 90% (Lin et al. 2009b). Furthermore, for oxytetracycline, the 
removal efficiency was reported to be higher than 88% (Choi et al. 2007).   
Removal efficiencies of quinolones during wastewater treatment in Sweden 
were reported to be 87% for both ciprofloxacin and norfloxacin (Lindberg et al. 
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2005). Sorption to sewage sludge was suggested to be the primary removal 
mechanism for these two compounds (Golet et al. 2003). High removal rates 
of ofloxacin were also achieved in WWTP in China (85%) and Mexico （77%） 
(Brown et al. 2006a, Peng et al. 2006). 
2.2.5.2 Activated carbon adsorption  
Adsorptive treatment with activated carbon is effective for removing many 
hydrophobic and charged pharmacuticals from water (Le-Minh et al. 2010). 
The removal efficiency of activated carbon adsorption depends on the 
properties of adsorbent and the characteristic of adsorbate. Removal of 
antibiotics during the wastewater treatment by coupled activated carbon 
adsorption treatment has been investigated in several studies (Table 2.4). In 
the presence of 10 and 20 mg/L powdered activated carbon (PAC), the total 
reduction of the target antibiotics reached 49 to 99% after 4h contact time 
(Adams et al. 2002, Westerhoff et al. 2005). During the treatment of hospital 
wastewater, macrolides, fluoroquinolones, trimethoprim and clindamycin were 
effectively removed by 20 to 40 mg/L of PAC, while sulfamethoxazole and 
metronidazole exhibited poor removals (Kovalova et al. 2013). Serrano et al. 
(2011) dosed 1 g/L of PAC into a sequential membrane bioreactor in order to 
enhance the simultaneous removal of micropollutants from synthetic urban 
wastewater. The improved removals were observed as 42 to 64% for 
erythromycin and 71 to 97% for roxitromycin, no significant removal of 
trimethoprim was obtained.  
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Table 2-4 Removal of antibiotics by activated carbon adsorption in wastewater 
treatment  
Group/Antibiotic IC FC 
(Removal 
efficiency)  
Treatment process References 





GAC: BET surface area = 
1092.951 m
2
/g, pore size < 
20Ȧ, 
dose: 1.5 g per 50 mL 
solvent 








HCI washed PAC: particle 




density= 0.46. 0.1 g PAC 
was treated with 100 mL of 
PG at a defined pH, 





























PAC Norit SAE Super, PAC 
retention time=2 days, 
Dose=8-43 mg/L, contact 
time=3-5 days 
(Kovalova 

























PAC Norit SAE Super, PAC 
retention time=2 days, 
Dose=8-43 mg/L, contact 
time=3-5 days 
(Kovalova 
et al. 2013) 







PAC Norit SAE Super, PAC 
retention time=2 days, 
Dose=8-43 mg/L, contact 
time=3-5 days 
(Kovalova 
et al. 2013) 






PAC dose=0-50 mg/L; 
Contact time=4 h 
(Adams et 
al. 2002) 









PAC dose=0-50 mg/L; 









PAC dose=0-50 mg/L; 
Contact time=4 h 
(Adams et 
al. 2002) 







PAC Norit SAE Super, PAC 
retention time=2 days, 
Dose=8-43 mg/L, contact 
time=3-5 days 
(Kovalova 







PAC Norit SAE Super, PAC 
retention time=2 days, 
Dose=8-43 mg/L, contact 
time=3-5 days 
(Kovalova 
et al. 2013) 







PAC dose=0-50 mg/L; 
Contact time=4 h 
(Adams et 
al. 2002) 








adsorbents: Single walled 
carbon nanotubes (SWNT); 
Multi-walled carbon 
nanotubes (MWNT); 
Pulverized activated carbon 
(AC) and nonporous 
Graphite (G). 
(Ji et al. 
2009) 
Abbreviations: IC, initial concentration; FC, final concentration. 
2.2.5.3 Membrane processes 
Removal of antibiotics in membrane processes can be initiated through 
adsorption of antibiotics on to the membrane surface or rejection of antibiotics 
molecules by the membrane module. Nanofiltration (NF) and reverse osmosis 
(RO) have shown their capabilities to obtain efficient removal of low 
molecular weight antibiotics (Table 2.5). Several studies demonstrated up to 
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90% removal of quinolones, sulfonamides, tetracyclines and trimethoprim by 
membrane processes (Kimura et al. 2004, Morse and Jackson 2004). Kosutic 
et al. (2007) adopted NF and RO systems during the treatment of 
pharmaceutical wastewater and achieved effect removal of sulfonamides. 
Morse and Jackson (2004) reported  100% removal of high dose amoxicillin in 
simulated wastewater by a RO system. In a study conducted by Li et al. (2004) 
1000 mg/L oxytetracycline in pharmaceutical wastewater stream was 
successfully reduced to 80 mg/L  by using a UF-RO treatment system. Some 
studies revealed that membrane fouling was able to improve the rejection rate 
of many antibiotics molecules (Schafer et al. 1994, Xu et al. 2006). This 
phenomenon could be due to the increased negative charge on the membrane 
surface which results in enhanced electrostatic rejection between ionic species. 
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Table 2-5 Removal of antibiotics by membrane processes 
Group/Antibiotic IC FC 
(Removal 
efficiency)  
Treatment process References 
β-Lactam     
Amoxicillin 10 
mg/L 
(100%) RO: plate and frame 
configuration, ACM-LP 
fully aromatic polyamide 










MF/RO plant: receives 
≈10% of CAS effluent 
(Watkinson 
et al. 2007) 




MF/RO plant: receives 
≈10% of CAS effluent 
(Watkinson 





MF/RO plant: receives 
≈10% of CAS effluent 
(Watkinson 
et al. 2007) 






MF/RO plant: receives 
≈10% of CAS effluent 
(Watkinson 






MF/RO plant: receives 
≈10% of CAS effluent 
(Watkinson 
et al. 2007) 








Cellulose acetate (SC 
3100). Cross flow 
membrane unit with a 
flat-sheet membrane cell 


















RO membranes: XLE; 
HR95PP; TFC-S. NF 
membranes: NF90; 
HL.Desal, Osmonics 








(90.3%) Barnstead RO system: 
Model D2716, Cellulose 
(Adams et 
al. 2002) 




D2731, Flow: 1.9L/min 
Sulfamerazine 50 
µg/L 
(90.3%) Barnstead RO system: 
Model D2716, Cellulose 
acetate membrane 
D2731, Flow: 1.9L/min 
(Adams et 
al. 2002) 






MF/RO plant: receives 
≈10% of CAS effluent 
(Watkinson 






MF/RO plant: receives 
≈10% of CAS effluent 
(Watkinson 
et al. 2007) 
Trimethoprim     
Trimethoprim 50 
µg/L 
(90.3%) Barnstead RO system: 
Model D2716, Cellulose 
acetate membrane 
D2731, Flow: 1.9L/min 
(Adams et 
al. 2002) 











0.3MPa; UF membranes 
of different molecular 
weight cut-off 
(3,10, 30, 50 K Da) 
(Li et al. 
2004) 
Abbreviations: IC, initial concentration; FC, final concentration; MF, 
microfiltration; NF, nanofiltration; RO, reverse osmosis; ND, not detectable. 
2.2.5.4 Advanced oxidation processes (AOPs) 
Advanced oxidation processes have been reported as a promising alternative 
for the decomposition of various antibiotics in aqueous solutions (Table 2.6). 
These processes involve generation of the hydroxyl radical (OH
•
), which 
initiates the oxidation and mineralization of organic compounds (Andreozzi et 
al. 1999, Goslich et al. 1997). The most used and evaluated AOPs are 
ozonation, UV/O3 process, photo Fenton process, UV/TiO2 photocatalysis and 
their combination with H2O2.  
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Ozone is a powerful oxidant and has been increasingly used for the treatment 
of wastewater whereas it has been traditionally employed in drinking water 
treatment. Lin et al. (2009a) investigated the treatment of sulfonamide and 
macrolide antibiotics by ozonantion and O3/H2O2. Ozonation resulted in a 
complete removal (99%) within 20 min for all tested compounds at a 
concentration as high as 200 ppm, and the addition of H2O2 accelerated the 
degradation process. Adams et al. (2002) showed more than 95% removal of 
trimethoprim from river water with an ozone dose of 7.1 mg/L and a reaction 
time of 1.3 min, and tetracycline was removed by 100% with an ozone dose of 
1.5 mg/L (Huber et al. 2005). Balcioglu and Otker (2003) achieved up to 80% 
removal of β-lactams from wastewater by 60 min ozonation with an ozone 
dose of 2.96 g/L·h. During the ozonation process, pH is suggested to be a 
critical parameter. At high pH values, there is a higher level of hydroxyl 
radicals due to enhanced O3 decomposition (Ikehata and El-Din 2004). 
Hydroxyl radicals react faster and less selectively than O3, thus ozonation of 
target compounds at high pH is often more efficient than at low pH.  
Antibiotics including b-lactams, sulfonamides, macrolides, quinolones, 
trimethoprim and tetracyclines, were suggested to be transformed 
predominantly via direct oxidation by O3 whereas penicillin G, cephalexin and 
N4-acetylsulfamethoxazole were transformed to a large extent by OH
•
 (Dodd 
et al. 2006a). 
Photo Fenton process is a metal (iron) catalyzed oxidation reaction; low pH 
value (pH 3-4) is required during the whole reaction process to avoid iron 
precipitation as a hydroxide (Prato-Garcia et al. 2009). Michael et al. (2012b) 
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adopted solar-Fenton process to achieve complete removal of trimethoprim, 
but low mineralization efficiency in simulated wastewater and real secondary 
effluent. In a study conducted by Arslan Alaton and Dogruel (2004), pre-
treatment of penicillin wastewater with photo Fenton process achieved 
adequate COD removal. Trovó et al. (2008) conducted the degradation of 
amoxicillin by photo Fenton with two different irradiation sources, and the 
obtained removal efficiencies were 89 and 85% under black light and solar 
irradiation, respectively. Similarly, Batutitz and Nogueira (2007) showed up to 
80% removal of tetracycline was achieved by photo Fenton treatment using 
two types of iron (ferrioxalate and Fe(NO3)3) and irradiation source (15W 
black light and solar irradiation).  
UV/TiO2 photocatalysis is usually initiated by UV illumination on the surface 
of TiO2 particles. When the light energy is higher than the bandgap energy, 
electron hole pairs are generated, they can migrate to the surface of TiO2 or 
recombine producing thermal energy. The valence holes are strong oxidants 
and are able to react with water to produce OH
•
, while the conduction band 
electrons may reduce the dissolved oxygen to O2
•-
. These strong oxidants will 
further react with those organic compounds (Munter 2001). According to 
Abellán et al. (2009), more than 90% of 100 ppm sulfamethoxazole and 
trimethoprim were decomposed by UV/TiO2 photocatlaysis after an irradiation 
time of 400 min, while the final TOC removal was less than 50% which 
indicated that full mineralization was not achieved even when 100% of the 
parent compounds were decomposed. Rizzo et al. (2009) reported a 100% 
removal of amoxicillin from urban wastewater treatment plant effluent after 
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120 min of UV/TiO2 photocatalysis. Ofloxacin was reduced by 60% in 
wastewater samples with the presence of 3 g/L TiO2 (Michael et al. 2010), 
while in another study, 120 min of UV/TiO2/H2O2 photocatalysis achieved a 
100% removal of 10 mg/L ofloxacin,  the total DOC removal was around 79% 
(Hapeshi et al. 2010). 
Table 2-6 Removal of antibiotics by advanced oxidation processes 






β-Lactam     
Cephalexin 1 µM O3 dose=3 mg/L 
(100%) 





Penicillin 1 µM O3 dose=5 mg/L 
(100%) 





Penicillin V NA (a) (80% in 60 
min) 
(b) (100% in 60 
min) 
(a) O3 (flow=100 L/h, O3 
dose=2.96 g/Lh); 





Ceftriaxone NA (a) (>99% in 60 
min) 
(b) (100% in 60 
min) 
(a) O3 (flow=100 L/h, O3 
dose=2.96 g/Lh); 





Macrolides     
Roxithromycin 1 µM O3 dose= /L 
(55%) 







(>99%) O3/O2 mixture, O3 
dose(v/v)= 5.3%, 
flow=1.6 L/min 




(>99%) O3/O2 mixture, O3 
dose(v/v)= 5.3%, 
flow=1.6 L/min 
(Lin et al. 
2009a)  
Sulfonamides      
Sulfamethoxazole 1 µM O3 dose=3 mg/L 
(100%) 












O3=100 g/h, O3 dose=5-
(Ternes et 
al. 2003) 
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0.3 mg/L O3 at 
1.3 min (>95%) 




0.3 mg/L O3 at 
1.3 min (>95%) 
O3 dose=7.1 mg/L (Adams et 
al. 2002) 
Quinolones     
Ciprofloxacin 1 µM O3 dose=3 mg/L 
(100%) 





Trimethoprim     
Trimethoprim 50 
µg/L 
0.3 mg/L O3 at 
1.3 min (>95%) 
O3 dose=7.1 mg/L (Adams et 
al. 2002) 
Tetracyclines     
Oxytetracycline 1 µM O3 dose=1.5 
mg/L (100%) 










(89% in 1 min) 
Solar light: (85% 




by the source of 
the irradiation. 
Black light at 365 nm 

























Trimethoprim     
Trimethoprim 10 
mg/L 
(100%) Pilot compound 




[H2O2]=2.5 mg/L (in 
doses) DOC0=25 mg/L 
(Michael et 
al. 2012b) 




(80% in 3 min) 
Solar light: (80% 
in 3 min) 
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mg/L (57 % of 




350 mg/L; T=22±2 
0
C 
UV lamp (6 W, 365 nm) 
UV/H2O2/TiO2/SBR 65 
days at HRT 24 hr; 















Sulfonamides      
Sulfamethoxazole 0.1 
g/L 
6h (70-100%) 1500W Xenon lamp 








P25; 250 mg/L; 
30 min) 
≈Hombicat UV 
100 (83%) > 
Aldrich 
(73%) > Tronox 
A-K-1 (67%) > 
Tronox 
TR-HP-2 






(79% of DOC) 
Batch experiments (350 
mL), 9 W UVA lamp 
(Radium Ralutec, 9 

















Batch experiments (300 
mL), solar simulator (1 







Abbreviations: NA, not available.  
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The conventional WWTPs were never designed to deal with antibiotics. Due 
to their highly variable physicochemical properties as well as the operational 
conditions of the biological process, the efficiencies by which antibiotics are 
removed vary substantially. Especially for the case of short sludge retention 
time (SRT), which may inhibit the enrichment of slowly growing bacteria and 
reduce enzymes diversity, subsequently resulting in lower antibiotics removal 
capability (Jones et al. 2007, Le-Minh et al. 2010) . Most commonly applied 
biological treatment units in WWTPs are not able to achieve sufficient 
removal of the antibiotic mixtures, which leads to the emission of antibiotic 
residues into the environment. Advanced treatment, downstream of 
conventional biological process, can significantly improve antibiotics removal 
before the effluent discharge. Activated carbon adsorption and membrane 
processes are both versatile technologies to remove antibiotics from 
wastewater, but the mechanism involved is more to transport antibiotics from 
one medium to another. AOPs show very promising capability for antibiotics 
degradation in water. Most AOPs can achieve complete removal of the target 
compounds under specific reaction condition, but much difficult to reach full 
mineralization.  
2.4.5.5 Assessment of AOPs treated antibiotics containing wastewater 
Based on the literature involving antibiotics removal by advanced oxidation 
processes, assessments of the treated antibiotics containing wastewater are 
mostly conducted in the aspects of biodegradability enhancement, 
mineralization efficiency, change of toxicity and antibacterial activity.  
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In general, enhanced biodegradability was observed in AOPs treated 
antibiotics containing wastewater. In a study conducted by Khan et al. (2013), 
the BOD5/COD ratio of chlortetracycline containing synthetic wastewater 
increased from 0 to 0.4 after 15min of ozonation. UV-vis/ferrioxalate/H2O2 
treatment of 300 mg/L antibiotics (150 mg/L amoxicillin and 150 mg/L 
cloxacillin) aqueous solution improved the biodegradability from 0 to 0.35 
(Chaudhuri et al. 2013). Similar biodegradability enhancement (0 to 0.37 and 
0.4) was observed in Fenton and photo-Fenton treatment of amoxicillin, 
ampicillin and cloxacillin aqueous solutions (Elmolla and Chaudhuri 2009a, 
Elmolla and Chaudhuri 2009b).  
Even with 100% removal efficiency, complete mineralization of the target 
antibiotics were hardly achieved by AOPs and various intermediates were 
detected in the treated solution. According to Trovo et al. (2011), after 240 
min treatment of 10 mg/L amoxicillin by photo-Fenton process, the TOC 
removal was from 73 to 81%, and 16 intermediates that possibly contributed 
to the residual toxicity were identified during the oxidation process. Khaleel et 
al. (2013) observed negligible dissolved organic carbon (DOC) removal 
during UV photolysis of sulfamethoxypyridazine (SMP) in three water medias, 
and new intermediates were identified by using LC-UV-MS/MS analysis. 
Sirtori et al. (2010a) studied direct photolysis and solar TiO2 photocatalysis of 
trimethoprim in demineralized and simulated sea waters. Prolonged irradiation 
in each experiment condition did not achieve 100% DOC removal, and for 
both oxidation processes, a ketone derivative (trimethoxybenzoylpyrimidine) 
was identified as a very stable photo-transformation product.    
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Unlike biodegradability and mineralization efficiency, the toxicity variations 
along the treatment of antibiotics containing wastewater by AOPs were not 
consistent, depending on reference organisms, mineralization efficiency and 
treatment process. In a previously mentioned study conducted by Trovo et al. 
(2011), Daphnia magna bioassays showed that the toxicity of amoxicillin 
aqueous solution decreased from 65 to 5% after 90 min irradiation, and 
increased again to 100% after 150 min irradiation, which indicated that the 
generated intermediates were more toxic than the parent compound. Liu et al. 
(2015) used vibrio fischeri to assess the toxicity change during UV photolysis 
of 0.2 mM florfenicol (FF) and thiamphenicol (TAP). FF and TAP were 
completely removed after 180 min irradiation, the tested bioluminescent 
inhibition reduced from 93.2% to 90.8% for FF and from 94.1% to 89.7% for 
TAP. The toxicity reduction during the whole oxidation process was not 
significant, and this was due to ineffective mineralization of FF and TAP. 
Michael et al. (2010) conducted toxicity measurements with Daphnia magna 
during the treatment of 10 ppm ofloxacin by solar-Fenton and TiO2 
photocatalysis. For ofloxacin solution treated with solar-Fenton, the toxicity 
increased from 20% to 90% in 60 min and further decreased to 50% in 120 
min, the increased toxicity was attributed to the intermediates generated 
during the oxidation process. On the other hand, ofloxacin solution treated 
with TiO2 photocatalysis was relatively non-toxic to Daphnia magna, and the 
toxicity in 120 min was lower than that in 0 min. Based on different toxicity 
profiles of treated ofloxacin solution, Michael indicated that the oxidation 
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mechanism of each process played a significant role in the toxicity change 
during the treatment. 
In terms of antibacterial activity, most studies reported effective elimination of 
residual antibacterial activities during the treatment of various antibiotics with 
AOPs. The antibacterial activity of 30 ppm erythromycin was completely 
removed after 20 min UV/TiO2 photocatalysis (Xekoukoulotakis et al. 2010). 
Giraldo et al. (2010a) evaluated the susceptibility of E. coli (ATCC23922) to 
20 ppm oxolinic acid during its treatment with UV/TiO2 photocatalysis. The 
antibacterial activity of oxolinic acid solution kept decreasing along the 
oxidation process, and it was fully eliminated after 30 min irradiation, when 
oxolinic acid was 100% removed. UV/H2O2 treatment of 20 to 150 ppm 
chloramphenicol under the optimum reaction condition successfully removed 
the antibacterial activity against E. coli (ATCC 25922) and S. aureus (ATCC 
25923) (Zuorro et al. 2014). Dodd et al. (2009) quantified the changes of 
antibacterial potencies during O3 and  OH
•
 treatments of 13 antibiotics 
(roxithromycin, azithromycin, tylosin, ciprofloxacin, enrofloxacin, penicillin 
G, cephalexin, sulfamethoxazole, trimethoprim, lincomycin, tetracycline, 
vancomycin, and amikacin). Data shown that O3 and OH
• 
treatments resulted 
in nearly all cases to stoichiometric elimination of antibacterial activity except 
for penicillin G and cephalexin, which indicated that biologically active 
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2.2.6 Alternatives for antibiotic resistance treatment and prevention 
2.2.6.1 Fate of antibiotic resistant bacteria and genes during wastewater 
treatment 
Several studies on elimination of certain type of antibiotic resistant bacteria 
(ARB) by wastewater treatment plants are reported, while the results are not 
consistent. Vilanova et al. (2004) evaluated vancomycin- and erythromycin-
resistant enterococci (vre and ere, respectively) in raw and treated wastewater. 
Vancomycin- and erythromycin-resistant strains accounted for 0.05 and 10%, 
respectively, of the total enterococci in the raw wastewater. In the treated 
wastewater resulted die-off rate of vre and ere was similar to the die-off rate of 
the total enterococci, which indicated that there was no promotion or reduction 
of resistant strains through the treatment processes. Another study focusing on 
examination the effects of sewage treatment on the antibiotic resistance 
patterns and incidence of resistances was conducted by Andersen (1993). The 
percentages of four antibiotics (tetracycline, chloramphenicol, ampicillin and 
streptomycin) resistant coliform isolates in raw and treated sewage on five 
sampling dates were presented, ampicillin resistance reached the highest level, 
followed by tetracycline and streptomycin. The resistance percentages for 
chloramphenicol were lowest. Besides, the data did not show clear trends for 
the resistance patterns change between raw and treated sewage. Chitnis et al. 
(2004) determined multiple drug resistant (mdr) gram negative bacterial 
counts in the different stages of a hospital effluent treatment plant (collection 
tank, aeration tank, clarifier tank, high pressure filter outlet, liquid sludge, dry 
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sludge). The persistence of mdr population was seen in all the stages of the 





CFU/mL. It was noted that the last step of chlorination was proved to be very 
effective disinfection process, as no mdr was isolated from the treated effluent. 
Instead of looking at antibiotic resistant bacteria, Chen and Zhang (2013) 
directly studied ARGs, by investigating the occurrence and removal of four 
tetracycline resistance genes (tetM, tetO, tetQ and tetM) and two 
sulfamethoxazole resistance genes (sulI and sulII) in four municipal WWTPs 
and eight rural domestic sewage treatment systems. Results showed that 
tetracycline resistance genes were significantly reduced by almost 2 to 3 
orders of magnitude in four WWTPs. A relatively low reduction was found for 
sulfamethoxazole resistance genes, which were reduced by around 1 to 2 
orders of magnitude. Precipitation, sedimentation and secondary clarifier 
processes played major roles for the reduction of ARGs in municipal WWTPs. 
The removal efficiency of ARGs by the eight rural domestic sewage treatment 
systems was lower and also more variable with the treatment processed. The 
systems with a constructed wetland with vegetation as a common feature 
appeared to exhibit an enhanced removal of ARGs, especially for 
sulfamethoxazole resistance genes. It was also pointed out that even though 
the gene copy numbers were reduced by the wastewater treatment systems, the 
continuous discharge of effluents from wastewater treatment systems is still a 
potential route of ARGs into the aquatic environment. 
 Chapter 2 Literature Review 
59 
 
2.2.6.2 Treatment of antibiotic resistant bacteria and genes by advanced 
treatments 
According to Oncu et al. (2011), ozonation and TiO2 heterogeneous 
photocatalytic treatments triggered conformational changes on the plasmid 
DNA structure, and the damage increased with higher oxidant dose. Cengiz et 
al. (2010) investigated the removal of tetM gene and its host E.coli HB101 
from synthetically contaminated cow manure by ozone and photocatalytic 
treatment. PCR results showed that the amount of tetM gene was gradually 
reduced by higher applied Fenton reagent and ozone doses. Efficiency of solar 
driven photo-Fenton process for inactivation of antibiotic resistant enterococci 
was investigated by Michael et al. (2012a). The results suggested that all 
enterococci, including those resistant to ofloxacin and trimethoprim, were 
completely eliminated at the end of the treatment.  
Chlorination is the most applied disinfection process in wastewater treatment, 
a study in 1970s has demonstrated that chlorination had the capability to 
reduce the percentage of ampicillin resistant bacteria in sewage treatment plant 
(Grabow et al. 1976). However, in the study conducted by Murray et al.(1984), 
chlorination treatment resulted in an increase in the proportion of bacteria 
resistant to ampicillin and cephalothin. This results agreed with another work, 
which suggests that the chlorination process can increase the risk of selecting 
for highly tetracycline-resistant E.coli strains (Huang et al. 2013). Iwan et al. 
(2001) isolated E.coli strains from three locations in a WWTP: influent, before 
and after chlorination process, and tested their susceptibility to seven 
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antibiotics. Results suggested that chlorination process did not significantly 
reduce the percentage of resistant E.coli to one or more antibiotics (from 14.7 
to 14%) or specifically to ampicillin (constant at 7.3%) and tetracycline (from 
8 to 6.7%). 
UV radiation can also damage DNA, resulting in inhibition of cell replication 
and loss of reproducibility. However, according to Auerabach et al. (2007), 
UV disinfection (at a dosage of 30100 mWs/cm
2
) did not achieve adequate 
reduction of tetracycline resistance gene tetR.  Similarly, Munir et al. (2011) 
investigated the effect of five different WWTPs located in Michigan on the 
occurrence and release of ARB and ARGs into the environment. The results 
demonstrated that chlorination and UV radiation treatment processes did not 
significantly reduce the detected ARB and ARGs.  
2.2.6.3 Removal of antibiotic resistance by genetic method 
 Antibiotic resistance in bacteria can be either intrinsic or acquired. Intrinsic 
resistance is generally accepted to be nontransferable, acquired resistance may 
be more easily transferred to other bacterial species, particularly if the 
resistance trait is located on a plasmid in the carrier strain (Teuber 1999). 
Rosander et al. (2008) successfully located and removed two independent 
plasmids carrying tetracycline resistance gene tetW and lincosamide resistance 
gene lnuA  in Lactobacillus reuteri ATCC 55730, which is a commercially 
available probiotic strain with potential to harbor transferable resistance genes. 
After removal of the two plasmids, a new daughter strain L. reuteri DSM 
17938 derived from ATCC 55730 was shown to have lost the resistances. 
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Direct comparison of the parent and daughter strains for a series of in vitro 
properties and in a human clinical trial confirmed that removal of the two 
plasmids did not damage probiotic properties of the daughter strain. This study 
is a good example to demonstrate the removal of antibiotic resistance in 
genetic level. However, its application in a real situation is limited, as this 
method is time consuming and not suitable for all bacteria strains. Furthermore, 
a pure culture microorganism community does not exist in a real environment.    
2.2.6.4 Prevention of antibiotic resistance dissemination  
Most studies have demonstrated stopping antibiotic resistance dissemination 
by meanings of removing the antibiotic resistant bacteria. However, even if 
the resistant bacteria are retained and dead; or the cells carrying ARGs have 
been killed, DNA released to the environment has been observed to persist, to 
be protected from DNAse, especially by certain soil/clay compositions, and to 
be eventually transformed into other cells (Blum et al. 1997). Therefore, 
ARGs themselves can be considered as persistent environmental contaminants 
for which mitigation strategies are needed to prevent their widespread 
dissemination.  
As the rise of antibiotic resistance comes from the direct selective pressure 
that antibiotics exert on microorganisms, Pruden et al. (2006b) suggested that 
the transport pathway of antibiotic resistant bacteria and the ARGs that they 
carry are expected to be similar to the pathways of antibiotics. A mathematical 
model conducted by Bonhoeffer et al. (1997) proposed a strategy for reducing 
the spread of resistance as: suspending the use of a particular antibiotic until 
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its resistant genotypes had declined to low frequency. Four genetic reactors in 
antibiotic resistance were identified by Baquero et al. (2008). Genetic reactors 
were places in which the occasion occurs for genetic evolution, particularly 
because of high biological connectivity, generation of variation, and presence 
of specific selective pressure. The primary reactor is constituted by the human 
and animal microbiota, in which therapeutic or preventive antibiotics exert 
their actions. The secondary reactor involves hospitals, long term care 
facilities. The tertiary reactor corresponds to the WWTPs, lagoons, or compost 
toilets. The fourth reactor is the soil and the surface or ground water 
environments. Water is involved as a crucial agent in all four genetic reactors. 
Baquero further pointed out that the possibility of reducing the development of 
antibiotic resistance depends on the ability of humans to control the flow of 
active antibiotics, bacterial clones, and genetically based biological 
information along these genetic reactors. 
2.3 UV/TiO2 photocatalysis 
The rationales of the advanced oxidation processes are based on the generation 




, O3) for decomposing refractory 
organic contaminants (Esplugas et al. 2002). Among the various AOPs, 
heterogeneous photocatalysis has demonstrated its capability for dealing with 
a wide range of persistent organic compounds. Heterogeneous photocatalytic 
process can be initiated by employing several semiconductor catalysts, such as 
TiO2, ZnO, Fe2O3, CdS, GaP and ZnS, among them, TiO2 has received the 
greatest interest due to its salability and repeatability (Malato et al. 2009). 
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Other than these, TiO2 is the most active photocatalyst under the photo energy 
of 300 nm< λ<390 nm, it is highly resistant to chemical and thermal 
breakdown, as well as it is a nontoxic photocatalyst. All these advantages have 
promoted the wide application of TiO2 photocatalysis in water treatment. 
2.3.1 Mechanism of UV/TiO2 photocatalysis 
The fundamental of photochemistry and photophysics involving in UV/TiO2 
photocatalysis have been intensively reported in many studies (Fujishima et al. 
2000, Gaya and Abdullah 2008). The initial step in TiO2 photocatalysis is the 
generation of an electron-hole pair by light activation. The bandgap energy of 
TiO2 particle is usually 3.2eV (anatase) or 3.0eV (rutile), when the photo 
energy (hv) that illuminated on the particle surface is greater than or equal to 
the bandgap energy, electron will be excited to the conduction band in 
femtoseconds. This photonic excitation will also induce an empty unfilled 
valence band, which is the so called the hole. Figure 2.2 depicts the formation 
of electron-hole pair when the TiO2 particle is irradiated with adequate photo 
energy.   




Figure 2-2 Formation of electron-hole pair in a TiO2 particle irradiated by adequate 
photo energy 
After excitation the fate of the separated electron and hole can follow different 
pathways, including: 1) electron-hole pair recombination at the surface or in 
the bulk of TiO2 particle; 2) migration of the electrons to the TiO2 surface 
leading to reduction of an electron acceptor; 3) migration of the holes to the 
TiO2 surface leading to oxidation of an electron donor. The second and third 
pathways are the two basic processes to initiate the generations of reactive 






 radical is one of the dominating 
oxidant species. 
Generally speaking, photocatalytic process is a series of step by step oxidation 
process. The parent organic compounds are firstly decomposed into 
intermediates through various radical attacks. The generated intermediates 
during photocatalysis are mostly aldehydes and carboxylic acids, further 
oxidation of these intermediates may eventually achieve complete 
mineralization. Take the photocatalytic decomposition of sulfa drugs for 
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example, hydroxylation by OH
∙
 radical addition was considered as the 
predominant decomposition pathway (Yang et al. 2010). Hydroxylation of the 
aromatic compounds can lead to successive oxidation/addition and eventually 
ring opening. With adequate irradiation time, the liquid phase organic 
compounds can be degraded or even fully mineralized to carbon dioxide and 
water, the overall photocatalysis reaction is presented by Equation 2.1.  
Organic Contaminants 
𝑻𝒊𝑶𝟐/𝒉𝒗
→      Intermediate(s) → CO2 + H2O    Equation 2.1 
In detail, photocatalysis reaction can be divided into five independent steps 
(Herrmann 1999): 1) mass transfer of the organic compounds to the TiO2 
surface; 2) adsorption of the organic compounds onto the photon activated 
TiO2 surface; 3) photocatalytic reaction for the adsorbed organics on the TiO2 
surface; 4) desorption of the intermediates form the TiO2 surface; 5) mass 
transfer of the intermediates from the interface region to the bulk fluid.  
2.3.2 UV radiation sources 
The UV spectrum can be specified as four bands: UVA (315-400 nm), UVB 
(280-315 nm), UVC (200-280 nm) and vacuum UV (100-200 nm). 
Considering the band gap energy of TiO2, UV light with a wavelength shorter 
than 387 nm is capable to activate the TiO2 particle. In this case, both of UVA 
and UVC can be applied as the radiation sources for UV/TiO2 photocatalysis. 
Most UV radiation sources adopted in TiO2 photocatalysis can be classified as 
natural UV sources and artificial UV sources. 
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2.3.2.1 Natural UV radiation sources 
Solar energy is the major natural UV radiation source. The original sunlight 
contains a wide range of radiance, including: infrared light (50%), visible light 
(40%), ultraviolet light (10%), small portion of X-rays and radio waves. 
During the traveling through earth’s atmosphere, more than half of the solar 
radiation is scattered, reflected or absorbed, which results in less than 50% of 
the total solar radiation being able to reach the surface of earth (Pidwirny 
2012). Specifically, most ultraviolet light in the solar radiation is absorbed in 
the stratosphere by ozone, only 3-5% of ultraviolet light is able to reach the 
earth surface and act as the UV source for photocatalytic applications (Wang 
et al. 2009). Therefore, the application of solar irradiation in photocatalytic 
water treatment is relatively limited, which requires long exposure period to 
achieve satisfactory decomposition efficiency. In order to enhance the 
utilization efficiency of solar radiation in photocatalytic treatment process, the 
most adopted method is to modify the photocatalyst surface for wider 
responding range to solar radiation (Wang et al. 2009). The idea of using solar 
radiation as the UV radiation sources have being promoted constantly through 
the years, which is due to its high abundance and low cost.  
2.3.2.2 Artificial UV radiation sources 
Various types of artificial UV radiation sources are summarized in Table 2.7. 
Among them, LP and MP mercury lamps are the most widely used UV 
radiation sources for full scale water treatment applications (USEPA 2003). 
They are both gas discharge lamps that use the electric arc through vaporized 
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mercury to produce light. The wavelength of the generated UV light is 
depending on the concentration of mercury atoms which is determined directly 





 psi, its predominant light emission is at wavelengths 
of 253.7 nm and 185 nm. MP mercury lamps acquire higher vapor pressure (2-
20psi) which results in greater collision frequency and more stable energy 
states of the mercury atoms. The emission spectrum of MP mercury lamps 
covers several wavelengths in UV and visible light region.  Both LP and MP 
mercury lamps are widely used in UV-related applications due to their high 
germicidal efficiency, long life time and high power output. The average life 
time of LP and MP mercury lamps are 8000-12000hours and 4000-8000hours, 
respectively. 
Table 2-7 Artificial UV radiation sources 






Major light emission at 
254 nm, 5 to 10% light 
emission at 185 nm 
Photocatalytic treatment 
of polluted river water 
with a coupled 
membrane process 





Emission spectrum from 
200-600 nm 
Photocatalytic 
decomposing of formic 
acid 
(Pipelzadeh 




Wide emission spectrum 
including visible light. 
Commonly used  for 
general lighting purpose 
Photocatalytic 
decolorization of ethyl 









al. 2001)  
Xenon arc 
lamp 
Gas discharge lamp, 
producing light by pass 
electricity through 





inactivation of E.coli by 
natural sphalerite 
suspension 
(Chen et al. 
2011, Idris et 
al. 2012) 
 Chapter 2 Literature Review 
68 
 
UV/LED Light-emitting diodes, 
emitting a narrow 
spectrum light by 
electroluminescence 
Photocatalytic 
decomposition of dyes 






Extended lamp life and 
higher light generation 
efficiency compared to 
typical electrical lamps 
Photocatalytic 
decomposition of 








Gas discharge lamp, 
similar to mercury 
lamps except additional 
metal halide compounds 





UV laser Including UV gas lasers, 




sulforhodamine B on 
GaN thin films under 
pulsed UV laser radiation 
(Gondal et 
al. 2011) 
Another typical artificial UV radiation source is the xenon arc lamp. Inside the 
xenon arc lamp, mercury is substituted by high purity xenon gas to act as the 
excitation element. Xenon is more environmental friendly and its vapor 
pressure ranges from 7.25 to 14.5psi. The emission spectrum of xenon arc 
lamps is pretty similar with the sunlight, where the wavelength can range from 
UV to IR region (185-2000 nm). With a high power supplied in pulse mode, 
more radiation in the UV region is generated. If the xenon arc lamp is powered 
in a continuous mode, most generated radiation is in the infrared region 
(Meggers 1929). The life time of a xenon arc lamp could range from 200 to 
3000hours, due to the high output intensity and stability, it has been frequently 
used in water treatment related researches and industries. However, comparing 
to mercury lamp, xenon arc lamp obtains relatively lower radiation efficiency 
(Oppenlander 1998). 
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UV/LED is one of the most foremost developed UV radiation source, it is a 
semiconductor p-n junction device which converts current directly into narrow 
spectrum UV light. The UV light is generated through an electroluminescence 
process, where photon is released during the recombination of excited 
electron-hole pairs. The wavelength of light emitted by UV/LED is 
determined by the energy gap of  material used in the electronic 
semiconductor, and the most adopted semiconductor material are nitrides 
containing aluminum such as AlGaN and AlGaInN. Comparing to the 
conventional UV source, UV/LED is able to emit a much narrower 
wavelength range of +/- 15 nm at the peak wavelength. Based on the 
wavelength of emitted light, UV/LED can be divided into three groups: 
UVA/LED, UVB/LED and UVC/LED. UVA/LED with a peak emission of 
365-405 nm and high power output is available in the market, the indicated 
efficiency rating ranges from 5 to 25% (IST METZ GmbH, Germany). 
UVC/LED is also commercially available, but it normally acquires relatively 
low power output and much higher price (Shie et al. 2008). 
Table 2.8 summarizes the comparisons between UV/LED and conventional 
mercury UV lamps. Due to its unique luminescent mechanism, UV/LED is 
efficient in converting electricity into light compared to the conventional UV 
radiation sources. It acquires a much longer life time of over 100000hours; 
moreover, it is environmental friendly considering mercury is a potential 
hazardous substance. UV/LED is a compact UV radiation source, which 
enhances the design flexibility of various application purposes. Furthermore, 
the UV intensity produced by LED chips can be easily varied by adjusting the 
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forward current or voltage, which is not possible to be achieved by the 
conventional UV lamps. Another outstanding characteristic of UV/LED is the 
instant switch on/off in a time scale of millisecond, which allows more 
operation alternatives such ass controlled periodic illumination.  
 Chapter 2 Literature Review 
71 
 
Table 2-8 Comparison of LEDs with conventional mercury lamps 










Stability of Light 
output 
Relatively poor Relatively poor Excellent  
Warm up time 1-15 min 1-15 min instantaneous 





40 600-900 Ambient 
temperature  
Relative number of 
lamps needed for a 
specific dose 
requirement  
High  low High  
Variable format 
lamp 
No  No  Yes  
Mercury waste Yes Yes  No  
Size  Large  Large  Small  
Drive electronics Complex  Complex   Simple  
Other artificial UV radiation sources include electrode-less lamp and UV laser, 
which are mostly applied in special conditions other than water treatment due 
to their high price and low electrical energy converting efficiency (Pareek et al. 
2008). With the summarized characteristics of different UV radiation sources, 
it is not easy to pick the best UV radiation source for all applications, since the 
selection shall be made with consideration of specific requirements and 
economic factors. Based on the photoreactor design details, required system 
performance and system operation condition, UV/LED is a promising light 
source for the application in this research.  
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2.3.3 Photocatalytic reactor design 
The photocatalytic reactors applied in water treatment can be generally 
classified in to two main configurations, depending on the applied state of the 
photocatalyst: 1) reactors with suspended photocatalyst and 2) reactors with 
immobilized photocatalyst (Pozzo et al. 1997). The main difference between 
these two configurations is that the first one requires an extra post treatement 
unit for photocatalyst recovery while the latter allows a continuous operation. 
Photocatalytic water treatments have adopted various types of reactors, 
including downflow contactor reactor (Ochuma et al. 2007), annular slurry 
reactor (Chong et al. 2009), cascade photoreactor (Chan et al. 2003). 
The total irradiated surface area of catalyst per unit volume as well as even 
light distribution within the reactor were suggested to be the most vital factors 
in configuring  a photoreactor (Pareek et al. 2008). Slurry photoreactor usually 
achieves a higher irradiated surface area of photocatalyst per unit volume than 
fixed configuration; this is due to the mass transfer limitation over the 
immobilized layer of photocatalyst.  Inside the photoreactor, a correct position 
of the radiation source is essential to ensure maximal and even light 
distribution. For photoreactor with immobilized configuration, efficient 
photon transfer are normally achieved with the usage of parabolic light 
deflectors, while nowadays, this method has become unfavorable owing to the 
need of special configuration and high operation costs. Slurry photocatalytic 
reactor is still the preferred configuration due to its high total surface area of 
photocatalyst per unit volume and ease of photocatalyst reactivation. During 
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the downstream treatment, the photocatalyst particles can be recovered by 
membrane filtration systems to enable continuous operation of the slurry 
reactor. This type of hybrid system is generally known as photocatalytic 
membrane reactors (PMRs). Its application prevents the use of treatment 
processes like coagulation, flocculation or sedimentation to separate the 
photocatalyst particles.   
 
Figure 2-3 Schematic design of submerged membrane photocatalytic reactor (Fu et al. 
2006) 
The membrane filtration unit could be configured into various positioning with 
the photocatalytic reactor. Figure 2.3 depicts a submerged membrane reactor 
designed by Fu et al. (2006), which consists of a slurry TiO2 zone and a 
separate submerged membrane module. The TiO2 particles could be either 
suspended in the feed tank or deposited onto the membrane surface, thus, the 
photocatalytic process could occur in both of the reaction mixtures and 
membrane module. According to the schematic design of this PMR, induced 
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photocatalysis in the membrane module could be relatively limited, since the 
baffle may block the UV transmission onto the membrane surface. 
Furthermore, the main job of this membrane unit is to act as a physical barrier 
against the TiO2 particles, parent organic molecules and intermediate 
compounds to be decomposed in the slurry PMR. In the PMRs within 
immobilized photocatalyst, the photocatalytic process normally takes place on 
the membrane surface or inside the pores. Depending on the colloidal size and 
product water quality requirement, the membrane unit adopted in the PMRs 
could be microfiltration membrane, ultrafiltration membrane or nanofiltration 
membrane (Augugliaro et al. 2005, Huang et al. 2007, Ryu et al. 2005, 
Tsarenko et al. 2006). The photocatalytic decomposition efficiency of the 
target contaminants was reported to be higher when an immobilized PMR was 
used, comparing to the PMR with suspended photocatalyst (Molinari et al. 
2004). However, Chin et al (2006) indicated that photocatalytic process on the 
membrane surface might cause severe destruction to the membrane structure 
through their close contact with both UV light and active radicals. Considering 
as a whole, the hybridization configuration of the membrane process using 
suspended photocatalyst appears to be the more promising arrangement. This 
type of PMR configuration has been well described in the literature for 
treatment of humic acids (Jung et al. 2007, Tsarenko et al. 2006), bisphenol A 
(China et al. 2006), phenol (Molinari et al. 2002), 4-nitrophenol (Molinari et al. 
2001), 4-chlorophenol (Ryu et al. 2005), grey water (Rivero et al. 2006), para-
chlorobenzoate (Huang et al. 2007), river water (Meng et al. 2005) and dyes 
(Molinari et al. 2004, Ryu et al. 2005, Sopajaree et al. 1999a, b).  
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One of the main operation parameter in the PMRs is the transmembrane 
pressure, which determined the filtration rate and operating costs. Adoption of 
photocatalyst with small particle size may result in increased PMR treatment 
cost; since the fine photocatalyst particles can easily cause membrane fouling 
and subsequent reduced permeate flux. To reduce membrane fouling, Fu et al. 
(2006) used a spherical ball-shaped TiO2 photocatalyst which did not cause 
severe pore blockage and promoted photocatalyst separation and recovery. 
Besides, membrane fouling can also be prevented by adjusting the surface 
charge properties of the photocatalyst. Xi and Geissen (2001) integrated a 
thermoplastic membrane module of cross-flow MF and found that lower 
permeate flux occurred when the operating pH at the isoelectric point of the 
TiO2 particles was used. This is due to the pH induced coagulation-
flocculation state of TiO2 that declined the rate of permeate flux, and this 
problem was resolved by adding certain type of electrolytes to maintain the 
operating pH close to isoelectric point of TiO2 particles.  
2.3.4 Applications of UV/LED/TiO2 photocatalysis for water 
treatment and its challenge 
The first application of UV/LED photocatalysis in water treatment was 
conducted by Chen et al. (2005) for removal of perchloroethylene (PCE). With 
UV irradiation at 365 nm, photocatalytic decomposition achieved up to 43% 
removal of PCE. Wang and Ku (2006)  investigated photocatalytic 
decomposition of Reactive Red 22 (RR 22) with 405 nm UV/LED irradiation 
in a rectangular planar fixed film reactor. Results suggested that operation 
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conditions such as initial dye concentration, periodic illumination, light 
intensity and catalyst coating could significantly affect the system 
performance. In a recent study conducted by Wang et al. (2011), UV/LED 
lamps with different peak emission at 365, 375, 385 and 402 nm were 
compared, it indicated that 365 and 375 nm UV/LED lamps obtained higher 
removal efficiency of dimethyl sulfide, and short wavelength UV/LED lamps 
were able to effectively activate the TiO2 particles for following photocatalytic 
application. In the photocatalytic application with slurry reactors, Ghosh et al. 
(2009) studied the photonic activities of four different catalysts, P25, TiO2 
nanofibers, tin-doped TiO2 nanofibers under 350 nm UV light and coumarin 
coated TiO2 nanofibers under 436 nm LED lamp. The results suggested that 
P25 acquired the highest activity, and the activity of coumarin coated TiO2 
nanofibers in the LED based reactor was quite competitive. Natarajan et al. 
(2011) adopted TiO2 coated quartz tubes for photocatalytic decomposition of 
three types of dyes (malachite green, MG, methylene blue, MB and rhodamine 
B, RhB) with 400 nm UV/LED lamps. The final removal efficiencies of MG, 
MB and RhB were 33, 18 and 22%, respectively.  
The applicability of UV/LED photocatalytic technology for water treatment is 
constrained by several key technical issues. The first issue that needs to be 
considered is whether the photocatalytic process is a pre-treatment step or a 
stand-alone system. Photocatalytic process is capable to decompose easily 
these recalcitrant organic pollutants, but much harder to achieve full 
mineralization. Being a pre-treatment step prior to biological treatment, the 
major role of photocatalytic process is to achieve enhanced biodegradability. 
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In such ways, the residence time and reaction volume for the biological 
treatment could be significantly reduced.  If the photocatalytic process is used 
as a stand-alone system, the residence time, chemicals and energy 
consumption might increase for complete mineralization. The second issue is 
that till today only a few pollutants degraded under UV/LED are reported, 
there is a need to study the photocatalytic pollution decomposition under 
UV/LED irradiation for a great number of pollutants presented in water at 
various concentrations, so as to understand the complete potential of UV/LED 
for environment abatement. The third issue is the need to make use of 
effective high power UV/LED to remove highly concentrated pollutants. The 
development in the semiconductor industry toward the manufacturing of 
UV/LED with high power and safe removal of metal from the used LED chips 
would be crucial to many industrial photocatalytic applications. The fourth 
issue is that till today, mainly commercially available P25 Degussa with/out 
modification and a few synthesized photocatalysts were adopted to conduct 
the photocatalytic decomposition of pollutants with UV/LED irradiation. 
There is a need to develop new tuned bandgap photocatalysts, which is able to 
effectively absorb the particular wavelength generated by LED irradiation and 
provide high photocatalytic efficiency. Finally, in order to achieve cost-
effective solid-liquid separation, the strategy of catalyst immobilization should 
be considered and adopted during the photoreactor design. Due to limited 
available activated site, higher number of LED chips or higher power input 
could be required in the immobilized photoreactor to ensure satisfactory 
performance. The development of UV/LED with high energy conversion 
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efficiency and low heat generation would be beneficial for applications with 
immobilized photocatalyst. In addition, photocatalytic process should be 
constantly evaluated and optimized for its application in different operation 
conditions (pH, temperature, salinity, turbidity and pressure) as well. 
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Chapter 3 Materials and Methods 
3.1 Photocatalysis experiments for antibiotics decomposition 
3.1.1 UVA/LED photoreactor and mercury UVA photoreactor 
Figure 3.1 shows the schematic diagram of continuous UVA/LED 
photoreactor, a 1.8 L aluminum case was used to house the UVA light and 
provide good thermal conductivity. A 0.5 L glass cylinder was located in the 
center axis of the aluminum case to contain the reaction solution. Illumination 
source was provided by 32 pieces of UVA/LED chips with a peak emission at 
365 nm (Figure 3.2) and power dissipation of 1W each. The UVA/LED chips 
were linked electrically into 8 LED strips which were mounted on the inner 
surface of the aluminum case by thermal grease. Chilled water was circulated 
around the photoreactor to maintain the temperature at around 25 
0
C in order 
to protect the LED chips from overheating. Air purging was provided into the 
glass cylinder to ensure satisfactory mixing. UVA/LED chips were powered 
by a direct-current (DC) power supply with a constant voltage output of 32 V 
and current output of 2 A. Reaction solution was pumped from the inlet side 
into the photoreactor, and sample collection was done at the outlet side. The 
external type configuration provides even distribution of UV light inside the 
reactor. Aluminum case serves as an effective heat sink, due to low heat 
generation by the UVA/LED chips, circulated water at room temperature was 
able to obtain good cooling effect. The UVA/LED chips are interchangeable, 
which allows for easy lamp maintenance.  
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Batch mode mercury UVA photoreactor was used for intermediates 
identification and decomposition pathway studies. A rectangular block reactor 
with a crystallizing dish at the center was used. Blacklight blue lamp (8 W, 
FL8BLB, Sanyo Denki, Japan) with a peak emission at 365 nm was placed 
above the dish as the UV source. 
  
Figure 3-1 Schematic diagram of continuous photoreactor system 




Figure 3-2 Emission spectrum of UVA/LED lamp, measured with USB40000 
spectrometer (Ocean Optics)  
3.1.2 Continuous photocatalysis experiments set-up 
The reaction solution spiked with TiO2 was mixed in dark condition for 30 
min before irradiation; circulation of chilled water was started before turning 
on the LED lamps, photocatalytic decomposition was conducted only when 
the temperature of the photoreactor was stable at around 25 
0
C. The reaction 
solution was firstly pumped into the photoreactor with air purging for one 
hydraulic retention time (HRT) until there was effluent coming out at the 
outlet side, then the LED lamps were turned on to initiate the photocatalytic 
decomposition. The system flow rate was ranging from 8 to 24 mL/min, and 
by adopting the method of potassium ferrioxalate actinometry (Calvert and 





. Continuous photocatalytic decompositions with 
different TiO2 loadings (0.02 to 0.1 g/L); antibiotics loading (0.1 to 1 ppm); 
pH at 3 to 9; H2O2 dosing (0.03%, 0.009%, 0.003%, and 0.0009%) and flow 
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rate were conducted to study their effects on the decomposition efficiency of 
SMX and TMP. Aliquots were sampled with 1 mL syringe at the outlet of 
photoreactor every 2 minutes and filtrate through a 0.45 µm PTFE syringe 
filter (Olimpeak “Certified Filter”, US) for following LC-MS-MS analysis. 
Samples used for bioassays were further adjusted to pH 7 using phosphate 
buffer (1 mM final concentration) and stored in 4 
0
C. 
3.1.3 Batch photocatalysis experiments set-up 
For intermediates identification and decomposition pathway studies, the 
photocatalytic decomposition of SMX and TMP was conducted in batch mode. 
The intensity of UVA light was set at 2 mW/cm
2
, total reaction volume was 
200 mL, and a magnetic stirrer was used to provide satisfactory mixing of the 
reaction solution. In order to ensure the amount of intermediates generated 
was above the LC-MS-MS and GC-MS detection limit, the SMX and TMP 
initial concentrations were set at 50 ppm, corresponding TiO2 loading was 0.1 
g/L, total reaction time was around 300 minutes. Aliquots were sampled from 
crystallizing dish every 20 minutes for following LC-MS-MS and GC-MS 
analysis. 
3.1.4 Chemicals and sample preparation 
Sulfamethoxazole, trimethoprim (Fluka) and 30% w/v H2O2 (Sigma) were 
purchased from Sigma-Aldrich and used as received. Non-porous titanium 
dioxide (TiO2, P25, Degusa AG, Germany) with a primary particle diameter of 
21 nm, a specific surface area of 50±15 m
2
/g, and a crystal distribution of 80% 
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anatase and 20% rutile was used as the photocatalyst. The ferrioxalate 
(K3Fe(C2O4)3 ∙ 3H2O ) used in actinometric experiments was prepared by 
mixing K2C2O4 ∙ H2O  with 𝐹𝑒𝐶𝑙3 , as no commercial product is available. 
Deionized (DI) water used for sample preparation was obtained from Milli-Q 
water purification system (Millipore Synergy 185, US). Antibiotics stock 
solutions were prepared by dissolving SMX and TMP into DI water with a 
concentration of 10 ppm, mixing overnight. Before starting the photocatalytic 
reaction, the reaction solution which consists of appropriate amount of 
antibiotics stock solution and P25 powder was sonicated for 15 min and mixed 
under dark condition for 30 min. The pH of the reaction solutions was adjusted 
with hydrochloric acid (0.01 M) and sodium hydroxide (0.02 M).  
3.1.5 Antibiotics analysis with LC-MS-MS 
SMX and TMP residue concentrations were analyzed by an Agilent 1100 
series high performance Liquid Chromatography (HPLC) system (Agilent, 
USA) coupled with an API 2000 double Mass Spectrometry (MS-MS) system 
(ABSciex Instrument, USA) and an extended C18 analytical column (2.1×150 
mm, 5 µm) (Agilent, USA). Mobile phase A was ultra-pure water and mobile 
phase B was 99% acetonitrile, an injection volume of 10 µL and a flow rate of 
300 µL/min were used. The ion spray voltage was +4.5 kV. SMX was 
quantified using Q1 mass of 252.098 and Q3 mass of 155.900. The gradient 
program consisted of 60A:40B (0 min), 5A:95B (0-5 min), 5A:95B (5-8 min), 
60A:40B (8-8.1 min), 60A:40B (8.1-11 min).  For quantification of TMP, Q1 
mass used was 291.105 and Q3 mass used was 123.1. The gradient program 
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consisted of 95A:5B (0 min), 5A:95B (0-5 min), 5A:95B (5-8 min), 95A:5B 
(8-8.1 min), 95A:5B (8.1-11.1 min). 
3.1.6 Intermediates identification with LC-MS-MS and GC-MS 
To identify potential intermediates during photocatalytic decomposition of 
SMX and TMP, 70 µL withdrawn samples after derivatization was injected 
into GC-MS system equipped with a DB-5ms capillary column (5% phenyl 
methyl siloxane, 30 mm×320 µm×0.25 µm, Agilent, USA). The analysis was 
carried out in a splitless mode. Helium was used as carrier gas. The 





C, respectively. Initial column temperature was 50 
0
C (0.75 min) 
followed by an incremental increase of 20 
0
C/min to 160 
0
C. Then the 
temperature was risen to 280 
0
C at a rate of 4 
0
C/min. The final temperature 
was maintained at 280 
0
C for 10 min. SMX and TMP reaction solutions were 
also fully scanned by LC-MS-MS over a m/z range of 50-600 amu and 50-400 
amu, respectively. The full scan methods for SMX and TMP both had duration 
of 45 minutes and injection volume of 10 µL. Flow rate in SMX scan method 
was 150 µL/min, and the gradient program consisted of 90A:10B (0 min), 
40A:60B (0-18 min), 10A:90B (18-23 min), 10A:90B (23-28 min); 90A:10B 
(28-28.1 min); 90A:10B (28.1-30 min). In TMP scan method, the flow rate 
was 200 µL/min, and the gradient program was 90A:10B (0 min); 40A:60B 
(0-18 min); 10A:90B (18-29 min); 10A:90B (29-34 min); 90A:10B (34-34.1 
min); 90A:10B (34.1-36 min). 
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3.1.7 TOC and UV intensity measurement 
Total Organic Carbon (TOC) was measured to indicate the mineralization 
extent of the photocatalytic process. After filtration with 0.45 µm PTFE 
syringe filters, water samples were injected into the TOC analyzer (Shimadzu, 
Japan). The calibrations were done using potassium hydrogen phthalate 
standard solution in a 1-5 ppm concentration range. The carbon content of DI 
water used for reaction solution preparation was subtracted from the values of 
samples. At least three measurements were conducted for each sample to 
achieve analytical precision to less than ±1%. 
To ensure the effectiveness of the continuous photoreactor, it is vital to 
accurately estimate the UV dose within the reactor during its operation. A 
number of techniques have been employed to estimate UV dose in the reactors 
including bioassays, mathematical models, and chemical actinometers. In this 
study, potassium ferrioxalate actinometry (Calvert and Pitts, 1966) was 
adopted for estimation of UV dose within the reactor. UV dose was calculated 













  Equation 3.1 
A quantum yield (φ) of 1.26 moles Fe2+/Einstein at 365 nm was assumed (Lee 
and Seliger 1964). 
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3.1.8 Residual antibacterial activity assessment 
3.1.8.1 Culturing of reference bacteria 
Escherichia coli ATCC 25922 was selected as the reference bacterium for 
antibacterial activity test. It was purchased from the American Culture Type 
Collection (ATCC) in freeze-dried form and cultured with Tryptic Soy Broth 
(TSB, Difco). Culturing medium was prepared by adding 30 g TSB into 900 
mL DI water, mixed thoroughly and autoclaved at 121 
0
C for 15 min. The 
freeze-dried bacteria was firstly dispersed into 1 mL prepared TSB, followed 
by inoculation into 30 mL TSB medium and incubation at 37 
0
C for 18 to 24 
hr with constant shaking (160 rpm). 1 mL of this overnight culture was then 
added into another 30 mL prepared TSB medium and incubated in the shaker 
at 37 
0
C for 4 hr to obtain the log phase culture. Log phase culture was finally 
centrifuged at 3000 rpm for 10 min, washed twice and re-suspended in 10 mL 
sterile DI water. The concentration of the final suspension was around 10
9 
CFU/mL, for the following antibacterial activity test, it was further diluted 
with sterile DI water to yield a bacterial concentration of 10
6
 CFU/mL.  
3.1.8.2 Procedures of broth microdilution assay 
The microdilution assay previously reported in Dodd et al. (2009) was adopted 
in this study. Briefly, ten times 1:1 serial dilutions were prepared for irradiated 
samples withdrawn at different time interval. In a 96-well microtiter plate, 
microdilution was performed in each row by dosing 200 µL of withdrawn 
sample to the first well, then pipetting 100 µL of this solution to the next well 
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in the row (containing 100 µL of 1 mM, pH 7 phosphate buffer). Each row 
represents samples collected at different reaction time. Thus, if there are 12 
withdrawn samples along the photocatalytic decomposition of SMX or TMP, 
there will be 12 rows occupied in the 96-well in total, and ten times serial 
dilution will be conducted for each row.  
Each volume of the sample dilutions was then inoculated with 100 µL of TSB 
broth containing a 1×10
6
 CFU/mL cell density of the reference E.coli strain, 
microtiter plates were sealed with Parafilm and incubated at 37 
0
C for 8 hr. 
After incubation, the absorbance of each sample well was measured at 625 nm 
(as a surrogate for cell density) using a microplate reader. 
3.1.8.3 Data analysis  
Absorbance measurements were then converted to growth inhibition (I, in %) 
by scaling to Amin (i.e., 100% growth inhibition, corresponding to negative 
growth controls) and Amax (i.e., 0% growth inhibition, corresponding to 




× 𝟏𝟎𝟎     Equation 3.2 
The resulting data of each dilution series were then plotted as dose-response 
curves. Each dose-response relationship was then modified according to 
Richard’s equation (Van der Graaf and Schoemaker, 1999),  








 Equation 3.3 
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Where log EC50 represents the log of the effective dose (i.e., dilution in this 
study) at which 50% growth inhibition is observed for each sample, H is the 
Hill slope inherent to the dose-response curve, S is a parameter describing the 
asymmetry of the dose-response curve. Imax,t and Imin,t represent maximum and 
minimum growth inhibition for each sample, respectively. The EC50 for each 
sample was determined by fitting Equation 3.3 to the experimental data, and 
its variation along the photocatalytic decomposition was quantitatively 
compared with the reduction of target antibiotics by calculating the potency-
equivalent (PEQ) value for each sample, according to Equation 3.4: 
𝑷𝑬𝑸 = 𝑬𝑪𝟓𝟎,𝟎/𝑬𝑪𝟓𝟎,𝑿      Equation 3.4 
Where EC50,0 is the EC50 value calculated from the dose-response curve for the 
sample withdrawn at t=0 min. Similarly, EC50,x represents the EC50 value 
calculated from the dose-response curve for the sample withdrawn after x 
minutes of photocatalytic decomposition. 
 3.1.9 Toxicity assessment 
3.1.9.1 Rehydration of reference bacteria 
Both acute and chronic toxicity studies were conducted with bioluminescent 
bacteria Vibrio fischeri (NRRL-B-11177) purchased from ATCC. Bacteria 
rehydration was conducted according to the standard method ISO 11348-3: 
2007. Briefly, the freeze-dried culture was mixed with 1 mL cooled sterile DI 
water (4±3 
0
C). The reconstituted luminescent bacteria suspension (cell 





 cells per mL) served as a stock suspension, and it was 
stored at 4±3 
0
C.  
3.1.9.2 Procedures of acute and chronic toxicity tests 
The toxicity tests were performed according to modified standard method 
(ISO 11348-3: 2007). The test principle is to combine specific volumes of the 
test sample with Vibrio fischeri suspension, determine the inhibition of light 
emission of Vibrio fischeri after a contact time of 30 min (acute) and 24 hr 
(chronic). Due to prolonged incubation period for the chronic toxicity test, the 
rehydrated bacteria (stock suspension) were diluted in a mixture of solution 
for freeze-dried bacteria and photobacterium broth (Fluka) in a volume ratio of 
1:25:25. The diluted bacteria suspension was stabilized at 15 
0
C for at least 1 
hour before the test. 96-well black microplate (Vision Plate
TM
 96) was used to 
conduct the toxicity test, and the luminescence was measured in a microplate 
reader (GENios, Tecan) with an integration time of 1000 ms and gain of 150. 
Ambient room temperature was set at 15 
0
C to minimize the temperature effect. 
100 µL pre-cooled samples withdrawn along the photocatalytic decomposition 
process were firstly added into the microplate and stored at 15 
0
C for 5 
minutes, followed by distributing 100 µL stabilized bacteria suspension into 
the added samples. Luminescence was measured immediately after adding the 
bacteria suspension, and measured again after incubation at 15 
0
C for 30 min 
and 24 hr, respectively.  The microplate reader was programmed to read the 
luminescence 5 times for each batch, and the toxicity tests were carried out 
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with two parallel determinations per sample. The toxicity data were analyzed 
in triplicate by following the documented procedures in the standard method. 
3.2 Sequencing batch reactors (SBRs) experiments for 
antibiotic resistance control 
3.2.1 Startup and operation of SBRs  
Figure 3.3 shows the startup and operation of the five SBR systems. Four 
SBRs (2 L) were started up with the same seeding sludge from a control 
reactor (R-Control, 2.5 L). R-Control was seeded with activated sludge 
collected from a local wastewater treatment plant. Before being inoculated to 
the four SBRs, sludge was stabilized in R-Control with synthetic wastewater 
for over one year to minimize the residue antibiotic resistance existing in the 
WWTP.  The synthetic wastewater was prepared according to the composition 
descried in a previous study (Fan et al. 2009) with 600 mg/L COD from 563 
mg/L glucose, 60 mg/L NH4
+
-N from 229 mg/L NH4Cl and 15 mg/L PO4
3—
P 
from 84 mg/L K2HPO4, 420 mg/L alkalinity from 706 mg/L NaHCO3, and the 
trace elements in mg/L (EDTA 1.5; Na2MoO4
-.
2H2O 0.615; CaSO4 
.
2H2O 12.3; 
MgSO4 3; CoCl2 
.
6H2O 2; FeCl3 
.
H2O 7.5; CuSO4 
.
5H2O 0.001; MnSO4 
.
H2O 
0.08; ZnSO4 0.001; KI 0.001; H3BO3 0.001). The control reactor was fed with 
synthetic wastewater in half concentration during the sludge stabilization 
period, followed by full concentration when the other four SBRs were started. 
Within the four SBRs, reactors named R-SMX and R-TMP were fed with the 
same synthetic wastewater spiked with 100 ppb SMX and 100 ppb TMP, 
respectively; the other two SBRs, namely R-TSMX and R-TTMP were fed 
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with synthetic wastewater mixed with UVA/LED/TiO2 photocatalysis treated 
SMX wastewater and TMP wastewater, respectively, in a 1 to 1 volume ratio. 
With a programmable logic controller, the five SBRs were operated in the 
same batch mode of a 7.5 hr cycle, including feed (0-30 min), aeration (30-390 
min), waste sludge (390-394 min) by decanting 1/20 of the mixed liquid (SRT 
6.7 days), settling (394-410 min), decanting (410-430 min) and idling (430-
450 min).  
 
Figure 3-3 Startup timeline of five SBR systems 
3.2.2 Samples preparation and analysis 
The frequency of cycle analysis was once for every 2 to 4 days in the transient 
and the early steady states and decreased to every 7 to 25 days in the later 
steady states. One cycle analysis of each SBR system was conducted during 
the later steady states period; mixed liquids were collected directly from the 
SBR systems every hour during one operation cycle. Collected effluents and 
mixed liquid samples were filtered through a glass microfiber filter (Whatman, 
GE) for TOC and nitrogen removal. Therefore, the measured TOC and all 
kinds of nitrogen were in dissolved forms throughout this study. The 
 Chapter 3 Materials and Methods 
92 
 
concentration of dissolved TOC and TN were measured by TOC analyzer with 







-N were conducted with ion chromatography (Dionex, 
USA).   
3.2.5 Antibiotic resistance quantification in SBR systems 
3.2.5.1 DNA extraction 
Approximately 1.5 mL of mixed liquid was collected from each SBR system 
and centrifuged (12000 g, 5 min), the cell pellets were used for DNA 
extraction. Total community DNA was extracted by using DNeasy Tissue Kit 
(Qiagen GmbH, Germany) according to the provided protocol, except for 
increased centrifugation speed and time during the washing step. The obtained 
DNA was quantified on a Nanodrop-1000 (NanoDrop Technologies Inc., 
USA). 
3.2.5.2 Target genes and designed primers 
SMX resistance genes (sulI, sulII, sulIII), TMP resistance genes (dfrII, dfrV, 
dfr13), Class 1 integrons gene intl1 and 16S rRNA gene in the five SBRs were 
quantified with SYBR Green method by real-time qPCR system (iCycler, Bio-
Rad, USA). Table 3.1 summarizes the detail information for the target genes 
and designed primers used during qPCR quantification.  The sequences of the 
target genes and the amplified fragments are available in GenBank Database 
(http://www.ncbi.nlm.nih.gov/genbank/). 
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3.2.5.3 Real-time qPCR quantification 
The qPCR quantification was carried out with an initial denaturation step at 94 
0
C for 4 min, followed by 35 cycles of denaturation (1 min at 94
0
C), annealing 
(1 min at 58 
0
C), and polymerization (45 s at 72 
0
C). The final polymerization 
step was conducted at 72 
0
C for 10 min. The total volume of qPCR reaction 
mixture was 20 µL, which consisted of 10 µL of iQ SYBR Green Supermix 
(Bio-Rad, USA), 2 µL of 500 nM each primer, 2 µL of DNase free water 
(Sigma) and 4 µL of extracted DNA sample (10-30 ng/µL). In this study, the 
described qPCR method was adopted in quantification of all type of genes. To 
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perform data normalization and confirm correct DNA extraction, 16S rRNA 
gene in each DNA sample was also quantified. All standard curves of qPCR 
were constructed from serial dilutions of amplified sequences which were 
synthesized by Integrated DNA Technologies, Singapore. qPCR was 
performed in triplicate with a negative control in each run, the final data were 
presented by the ratio of target gene copies over 16S rRNA gene copies. 
3.2.6 Plasmid transfer rate assessment in SBR systems 
3.2.6.1 Donor bacteria and model plasmid 
For plasmid transfer experiment, laboratory strain E.coli DH5α(pB10) 
(Schluter 2003) was selected as the donor bacteria, and its associated 
multidrug resistance plasmid pB10 represents the model plasmid. pB10 
transfers by conjugation with a relatively high efficiency, it has been isolated 
from activated sludge by Droge et al. (2000a), suggesting that this element 
should be relatively adapted to such environment. pB10 is a fully sequenced 
element (Schluter 2003) thus allowing its quantification with molecular 
methods.  
3.2.6.2 Bacteria culturing and inoculation 
Cultivation of this E.coli strain was conducted in TSB medium supplemented 
with 10 ppm tetracycline for 20 hr at 37 
0
C under agitation (160 rpm). The 
overnight culture was washed twice with 10 mM MgSO4, and diluted with DI 
water to 1.7×10
9 
CFU/mL, followed by being inoculated to the five SBRs with 
1.7×10
7 
CFU of donor cells per mL of mixed liquid. First batch of samples 
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were collected 5 min after inoculation, 1.5 mL of mixed liquid were sampled 
from the five SBRs every 24 hr for the next five days, total DNA extraction 
was performed right after each sampling with previously described DNA 
extraction methods. 
3.2.6.3 Real-time qPCR quantification 
DNA samples were stored in -20 
0
C before quantification of plasmid pB10 and 
DH5α genome in total DNA by qPCR. pB10 and DH5α chromosomal DNA 
quantification were achieved with the primers described in Bonot and Merlin 
(2010), except that quantification processes were conducted with SYBR Green 
method instead of TapMan method. Data of pB10 and DH5α were also 
presented in normalized form to 16S rRNA gene. In each set of qPCR analysis, 
DNA of non-inoculated activated sludge was systematically run in parallel to 
serve as the negative control.  





Chapter 4 Treatment of SMX and TMP Containing 
Wastewater by Continuous UVA/LED/TiO2 Photocatalysis 
4.1 Background 
Sulfamethoxazole (SMX) and Trimethoprim (TMP) are frequently used as 
human medicines to treat bronchitis and urinary tract infections. In most 
circumstance, they are used in combination as chemical therapy agents and 
growth promoters in veterinary (Nieto et al. 2007). Several hundred ppt levels 
of SMX and TMP have been detected in municipal WWTPs effluent and 
surface waters (Chang et al. 2008, Gobel et al. 2004, Gobel et al. 2005), which 
indicates that they are not completely eliminated during wastewater treatment. 
According to Abellán et al. (2009), more than 90% of 100 ppm SMX and 
TMP were decomposed by UV/TiO2 photocatalysis. Other studies also 
highlight that UV/TiO2 photocatalysis is a promising alternative for the 
decomposition of various pharmaceutical compounds in aqueous solutions 
(Achilleos et al. 2010, Yang et al. 2008b). As previously mentioned, the newly 
emerged high power UVA/LED lamp is a promising alternative UV radiation 
source with remarkable advantages, which allows for better photoreactor 
design with even UV light distribution, low heat generation and easy lamp 
maintenance. This chapter aims to demonstrate a systematic study for 
removing SMX and TMP in aqueous solution by continuous UVA/LED/TiO2 
photocatalysis. Photocatalytic reactions were conducted with a well-designed 
continuous photoreactor. Photoreactor performance was evaluated based on 
the decomposition and mineralization efficiencies of SMX and TMP. In 





addition, effects of different operation conditions on system performance were 
also studied for future process optimization.   
4.2 Photocatalytic decomposition and mineralization efficiency 
of SMX and TMP 
Figure 4.1 shows the UV-Vis absorption spectrum of 10 mg/L of SMX, TMP 
and TiO2. SMX and TMP had maximum UV absorption at 265 nm and 275 
nm, respectively. TiO2 exhibited an increasing UV absorption from 500 nm to 
320 nm, and started to stay stable at lower wave length.  Neither SMX nor 
TMP exhibited significant UV absorption at 365 nm, which indicates that 
there is low possibility for SMX and TMP to be decomposed by direct UV 
photolysis. The absorption spectrum of TiO2 suggested the LED/UVA lamps 
are capable to activate the TiO2 particles for following oxidation processes. 
 
Figure 4-1 UV-Vis absorption spectrum of SMX, TMP and TiO2 
In the presence of 0.05 g/L TiO2 and a system flow rate of 8 mL/min, the 































rates of 400 ppb SMX/TMP by UV/TiO2 photocatalysis, UV photolysis and 
TiO2 adsorption are illustrated in Figure 4.2. UV photolysis only removed 16% 
of SMX and 17% of TMP, which were expected according to their UV-vis 
absorption spectrums. With TiO2 adsorption, the losses of SMX and TMP 
were 11% and 12%, respectively. Low removal rates achieved by TiO2 
adsorption suggested that the stereochemical configurations of SMX and TMP 
were not suitable to chelate with Ti. UV/TiO2 photocatalysis was able to 
achieve stable and more than 90% removal of SMX/TMP in the steady state. 
TOC variations during the decomposition of SMX and TMP were also 
recorded to reflect the mineralization efficiency of the photocatalytic process. 
As shown in Figure 4.2, when more than 90% of SMX and TMP were 
decomposed, the corresponding average TOC removal for SMX and TMP 
were 61% and 33%, respectively.  
It is well known that one major drawback of photocatalytic process is the 
partial mineralization, and complete mineralization normally requires longer 
reaction time, higher chemical and energy input. According to 
Xekoukoulotakis et al. (2011), in the presence of 0.5 g/L TiO2 and 281 
µEinstein/min UV irradiation, 10 ppm SMX was 100% removed with 30 min, 
while the corresponding TOC was removed less than 80% in 120 min. In a 
study conducted by Sirtori et al. (2010a), with TiO2 loading of 0.2 g/L and UV 
intensity of 30 W/m
2
, 20 ppm TMP was 100% removed in 25 min, and the 
total dissolved organic carbon (DOC) concentration was reduced 64% after an 
illumination time of 107 min. In this study, the overall mineralization 
efficiency was also much lower than SMX/TMP decomposition efficiencies, 





and those remaining TOC could be the intermediates generated during the 
photocatalytic process.    
  
 
Figure 4-2 Removal rate of SMX (a) and TMP (b) achieved by continuous photoreactor 
with different processes, together with their TOC removal by UV/TiO2 photocatalysis 
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4.3 Optimization of photocatalytic process for SMX and TMP 
decomposition 
4.3.1 Effect of antibiotics loadings 
As shown in Figure 4.3, with 0.05 g/L of TiO2 dosage and a flow rate of 8 
mL/min, UV/TiO2 photocatalysis was able to achieve more than 90% removal 
of SMX and TMP when the initial concentration was from 200 to 400 ppb. As 
the initial concentrations of SMX and TMP increased from 400 to 1000 ppb, 
the final removal efficiency of SMX and TMP dropped to around 70% and 
80%, respectively.  
At a higher initial concentration, two factors could hinder the decomposition 
of SMX and TMP; firstly, the increased amount of antibiotics would occupy a 
greater number of TiO2 active sites, which subsequently inhibits species (H2O, 
OH
-
, O2) adsorption onto TiO2 surface. With less adsorbed species reacting 
with valence band holes and conduction band electrons, generation of the 
oxidants will be suppressed which results in lower decomposition rates. 
Secondly, higher concentrations of antibiotics could adsorb more photons 
which play important roles in the TiO2 activation (Yang et al. 2008b). 
However the previous UV-Vis absorption spectrums of SMX and TMP (250-
500 nm) demonstrated that neither SMX nor TMP exhibited significant UV 
absorption at 365 nm, which suggests that the second factor, i.e. photon 
shortage might not play important roles in lower decomposition efficiency 
with higher initial antibiotics concentration.  





Photocatalytic oxidation kinetics of organic compounds has been modeled 
using the Langmuir-Hinshelwood (L-H) equation, which describes the 
correlation between decomposition rate constants and initial concentration of 









      Equation 4.1 
Where k1 is the rate constant, kini is the intrinsic reaction rate constant, and KC 
is the L-H adsorption constant of target compounds over TiO2 surface. Linear 
correlations between reaction rate k1 and SMX initial concentration C0 were 
reported in a study by Xekoukoulotakis et al. (2011), and the reaction rate 
decreased with higher SMX loading. Similar results were also observed by 
Alatrache et al. (2014) and Nasuhoglu et al. (2011a). 







Figure 4-3 Removal rate of SMX (a) and TMP (b) achieved by continuous photoreactor 
with various initial concentrations (TiO2=0.05 g/L, flow rate=8 mL/min, pH=5.6, * 
significantly different at p<0.05) 
4.3.2 Effect of TiO2 loadings 
A set of TiO2 loading (0.02 g/L, 0.05 g/L and 0.1 g/L) was selected to 
investigate the effect of TiO2 loading on the photocatalytic decomposition of 
SMX and TMP. The initial antibiotics concentration was 200 ppb, flow rate of 
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UVA/LED chip was kept at 1W. The final removal rates of SMX and TMP 
with different TiO2 loadings are presented in Figure 4.4. Lower TiO2 loading 
resulted in lesser removal efficiency of SMX and TMP. Especially for SMX, 
with 0.1 g/L of TiO2, 200 ppb SMX was removed by 93%. While when the 
TiO2 loading decreased to 0.02 g/L, the final removal efficiency dropped to 
61%. Similar scenario occurred when photocatalytic decompositions of TMP 
were conducted with decreased TiO2 loadings. With TiO2 loading varying 
from 0.1 to 0.02 g/L, the final removal percentage of TMP reduced from 95% 
to 74%.  







Figure 4-4 Removal rate of SMX (a) and TMP (b) achieved by continuous photoreactor 
with various TiO2 loadings (C0=200 ppb, flow rate=24 mL/min, pH=5.6, * significantly 
different at p<0.05) 
The effect of TiO2 loading can be explained as that higher TiO2 loading 
induces more available active site, at the same time more band electrons, band 
holes, superoxide radical anions and hydroxyl radicals could be generated. In 
the presence of larger amount of oxidants, the decomposition rate could 
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loading may also slow down the photocatalytic decomposition rate due to 
weaker light penetration, agglomeration and sedimentation of the catalyst (So 







 for SMX reaction with hydroxyl radicals. TMP was found by 
Dodd et al. (2006b) to have a second order reaction rate constant with 






. As the concentrations of steady state 
hydroxyl radicals should stay constant under the same photocatalysis 
condition, the calculated pseudo first order reaction rate constant of TMP 
would be higher than that of SMX. Thus, even under the same decomposition 
condition, TMP reacted more rapidly with hydroxyl radicals and resulted in 
faster decomposition rate.  
4.3.3 Effect of flowrate 
Figure 4.5 shows the photocatalytic decomposition of SMX and TMP with 
different flow rates (8 mL/min, 17 mL/min and 24 mL/min) and corresponding 
HRTs (26.25 min, 12.35 min and 8.75 min). Initial concentration of SMX and 
TMP was 200 ppb, TiO2 loading was 0.05 g/L and the power dissipation of 
each UVA/LED chip was still 1W. For both SMX and TMP decompositions, 
as the flow rate increased from 8 mL/min to 24 mL/min, the removal 
efficiencies were in a decreasing trend. With a highest flow rate of 24 mL/min, 
the final removal efficiency of SMX and TMP were unable to reach 90%.  
The continuous photoreactor exhibited poorer performance with increased 
system flow rate; and the experimental condition such as target compounds’ 
initial concentration, catalyst loading and UV output were all kept constant. 





Therefore, one possible reason that led to different removal efficiencies of 
SMX and TMP is the change of the UV dose within the photoreactor.  
  
 
Figure 4-5 Removal rate of SMX (a) and TMP (b) achieved by continuous photoreactor 
with various system flow rates (C0=200 ppb, TiO2=0.05 g/L, pH=5.6, * significantly 
different at p<0.05) 
According to Harris et al. (1987), system flow rate is one of the major factors 
that influence the UV dose. The Maximum UV doses within the photoreactor 
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of dose estimates obtained are expressed as mWs per unit volume and were 
converted to the more commonly used dose unit of mWs per unit area by 
multiplying the radiated depth (3.2 cm). 
Table 4-1 Maximum UV dose within the photoreactor under three system flow rates 
Flow rate (mL/min) UV dose (mWs/cm
3















Figure 4.6 shows the UV dose within the continuous photoreactor along the 
irradiation time with three flow rates. Results demonstrated that the UV dose 
estimated all remained stable at an irradiation time of 20 min, and the 
maximum dose estimated increased with lower flow rate. This phenomenon 
explains well in some aspect why with lower flow rate, the photoreactor 
performed better in terms of the removal efficiency of SMX and TMP. As 
higher UV dose induced by lower flowrate could activate more TiO2 particles, 
resulting in generation of more oxidant species and subsequent higher 
decomposition rate of the target compounds. 






Figure 4-6 UV dose within the photoreactor with various system flow rates 
4.3.4 Effect of pH 
Photocatalytic decompositions of SMX and TMP were also conducted with 
four pH conditions (3, 5, 7 and 9) to evaluate the subsequent impacts of pH. 
As shown in Figure 4.7, SMX decomposition was faster at low pH (3 and 5), 
and tended to decrease at higher pH (7 and 9). SMX has two protonated states; 
the different ionic states of the substances have a remarkable effect on its 
reactivity. The pKa values of SMX are: pKa1=1.85±0.30 and pKa2=5.60±0.04 
(Babić et al. 2007), which means that SMX has a cationic form at pH<1.85, an 
anionic form at pH>5.6, and a neutral form in between. These forms can be 
related to the positive charges of TiO2 at pH<6 and negative charges at pH>6 
(Fox 1993). The results suggested that SMX was more easily removed when 
its neutral form dominated (pH=3 and 5), and this seems not to be related with 
the electrostatic attraction between TiO2 surface and SMX, since TiO2 
particles are positively charged in this pH range.  According to Boreen et al. 
































photochemical reactivity, leading to shorter half-lives and higher 
decomposition efficiency.   
The trend of pH effect on TMP’s decomposition was not that clear, as it 
obtained similar decomposition rate at pH 3, 5 and 9, and lower decomposition 
efficiency when pH was 7. TMP has a cationic form at pH<6.7, and a neutral 
form at pH>6.7 (pKa=6.7) (Zhou and Moore 1997). The results were not 
sufficient enough to demonstrate which form of TMP was more readily 
decomposed by UV/TiO2 photocatalysis, but it did agree with what was found 
for TMP oxidation by UV/H2O2, where the second order rate constant for the 
reaction between TMP and OH
•  
was higher in acidic condition (pH=3.6) than 
basic condition (pH=7.85) (Baeza and Knappe 2011). According to Zhou and 
Moore (1997), pH affected the absorption spectrum of TMP, the maximum 
absorption wavelength was 271 nm, 277 nm and 288 nm corresponding to pH 
3, 7 and 9, respectively. Furthermore, the molar absorptivity of TMP was 
much higher at pH 9, which suggest that at this point photolysis could become 
significant. This may explain why the decomposition rate of TMP dropped as 
the solution pH went up to 7, and later increased when the pH was 9. 







Figure 4-7 Removal rate of SMX (a) and TMP (b) achieved by continuous photoreactor 
with different pH (C0=400 ppb, TiO2=0.05 g/L, flow rate=8 mL/min, * significantly 
different at p<0.05) 
4.3.5 Effect of H2O2 addition 
The concentration of additional H2O2 was ranging from 0.0009% to 0.03% 
(9.9 ppm to 332.9 ppm). As shown in Figure 4.8, only 0.003% H2O2 achieved 
significant higher removal rate (91%) of SMX comparing to control (86%). 
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concentrations were not significantly different with control, there was a 
decreasing trend of SMX removal rates when H2O2 further increased from 
0.003% to 0.03%. Furthermore, SMX removal rate achieved with additional 
0.03% H2O2 (84%) was even lower than control (86%).   TMP decomposition 
was not effectively enhanced with any levels of H2O2 addition. In the presence 
of 0.0009%, 0.003% and 0.009% H2O2, 400 ppb TMP was all completely 
removed in the final stage, while t-test results demonstrated that 100% 
removal rate was no significantly higher than 98%, which was achieved in the 
control study. Similarly, even though 0.03% H2O2 seemed to achieve lower 
decomposition rate of TMP than control, they were not significantly different 
according to the t-test results. 
Enhanced photocatalytic decomposition of SMX only occurred when a small 
amount of H2O2 (0.003%) was added into the UV/TiO2 reaction system. 
According to Elmolla and Chaudhuri (2009a), this is due to the acceptance of 




− →𝑶𝑯∙ + 𝑶𝑯−     Equation 4.2 
Inhibited oxidation activities with higher H2O2 addition could be due to the 
fact that extra H2O2 in the reaction solution can act as a scavenger for OH
•
 and 
holes producing much less effective HO2
• 
radicals (Behnajady et al. 2006a, 
Zhao et al. 2004):  
𝑶𝑯∙ +𝑯𝟐𝑶𝟐 →𝑯𝟐𝑶+𝑯𝑶𝟐
∙      Equation 4.3 
𝑯𝟐𝑶𝟐 + 𝒉
+ →𝑯+ +𝑯𝑶𝟐
∙      Equation 4.4 







Figure 4-8 Removal rate of SMX (a) and TMP (b) achieved by continuous photoreactor 
with different H2O2 addition (C0=400 ppb, TiO2=0.05 g/L, flow rate= 8 mL/min, pH=5, * 
significantly different at p<0.05) 
4.4 Summary  
UVA/LED/TiO2 is recognized as a promising novel technology for removal of 
various emerging contaminants. The continuous photoreactor established in 
this study was able to achieve satisfactory removal of two selected antibiotics 
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reaction conditions. The removal rate of SMX and TMP both tended to 
decrease with higher antibiotics concentration and lower TiO2 loading. Higher 
system flow rate resulted in lower decomposition efficiency due to reduced 
UV dose within the photoreactor. SMX was much easier decomposed in acidic 
condition, while pH affected little on TMP’s decomposition. 0.003% was 
found to be the optimum H2O2 loading for decomposition efficiency 
enhancement. Despite of effective removal of SMX and TMP, the final 
mineralization efficiencies achieved by the designed photoreactor did not 
exceed 50%. In other words, intermediates were generated during this 
photocatalytic process, and this is a well-known drawback of UV 
photocatalysis.  Concerns associated with these intermediates may include 
residual toxicity and antibacterial activity, following parts of this study will 
address these. 
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Chapter 5 Comprehensive Assessment of Photocatalysis 
Treated SMX and TMP Containing Wastewater: 
Decomposition Pathways, Residual Antibacterial Activity 
and Toxicity 
5.1 Background 
Chapter 4 has demonstrated effective removal of SMX and TMP by 
UVA/LED/TiO2 photocatalysis. It was pinpointed that photocatalysis can 
hardly achieve complete mineralization of the target compound; the 
intermediates generated during the oxidation process could be still toxic and/or 
non-biodegradable. Several studies reported acute toxicity data performed 
with vibrio fischer and chronic toxicity data performed with Daphnia Magna 
during the photocatalytic decomposition of high loading SMX and TMP (10-
60 ppm) (Michael et al. 2012a, Nasuhoglu et al. 2011b, Trovo et al. 2008). As 
in the aquatic environment, organisms are typically exposed to antibiotics 
residues over long periods of time, and their average exposure to SMX and 
TMP is far  below the tested concentration, thus, chronic toxicity study with 
low exposure level shall also be included. Moreover, in the case of antibiotics 
decomposition, there could be a high chance for those intermediates to still 
obtain certain level of antibacterial activity, as the major antibacterial function 
groups could remain in those intermediates molecules. Antibacterial activity 
acts as the key factor for antibiotics resistant genes (ARGs) development. 
Therefore, this part of study aims to conduct comprehensive assessment of 
photocatalysis treated antibiotics containing wastewater, including 
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intermediates identification for decomposition pathway study, quantitatively 
assessing antibacterial potency variation, and testing acute/chronic toxicity of 
SMX and TMP solutions during photocatalytic treatment process. 
5.2 Photocatalytic decomposition mechanisms of SMX and TMP 
5.2.1 Identified intermediates and proposed pathway for SMX 
decomposition 
During the photocatalytic treatment of SMX containing wastewater, four 
intermediates were observed in LC-MS-MS (Figure 5.1b) and two were 
identified with GC-MS (Figure 5.1c and Figure 5.1d).  
(a) 
(b) 
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Figure 5-1 LC-MS-MS full scan at t=0min (a) and 100min (b) during photocatalytic 
decomposition of SMX, two intermediates identified by GC-MS (c and d) during 
photocatalytic decomposition of SMX (C0=50 ppm, TiO2=0.1 g/L, pH=5.6)  
The decomposition pathways of SMX are presented in Figure 5.2. The major 
reaction mechanisms involved hydroxylation, opening of isoxazole ring and 
cleavage within SMX molecules. In the first pathway, addition on the aromatic 
ring by OH
•
 forms a hydroxycyclohexadienyl radical, from which another OH
• 
can abstract another hydrogen to form the non-radical hydroxyl-substituted C4 
(m/z=268). In the second pathway, OH
•
 addition to the open carbon position 
of the isoxazole ring leads to the formation of a tertiary carbon-centered 
radical which is then attacked by dissolved oxygen to form a peroxy radical. 
The peroxy radical is able to abstract a hydrogen atom from a donor to form 
the corresponding hydroperoxide, which can cleave homolytically via thermal 
or photochemical decomposition to produce OH
•
 and the corresponding 
alkoxy radicals (Weber 1994). Through abstraction of another hydrogen atom 
(c) 
(d) 
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by the previously formed radical moiety, a corresponding stable alcohol 
product (C2 with m/z=286) can be finally formed. With isoxazole ring 
opening of C2 molecule followed by loss of one carbonyl group and one H2O, 
C3’ with m/z=196 can be generated. Following hydroxylation of C3’ on the 
aromatic ring leads to the formation of C3 with m/z=212. The third pathway 
involves OH
• 
attack on the sulfonamide bond resulting in the cleavage of the 
S-N bond. Subsequent abstraction of a hydrogen atom by the cleaved nitrogen 
results in the formation of C1 (m/z=97).  C5 can be generated by OH
•
 attack 
on the N-C bond of SMX, C2 or C4, and subsequent cleavage of S-C bond 
leads to the formation of C6.   
The structures of compounds detected by LC-MS-MS have been further 
confirmed by the MS/MS data match with that previously reported in the 
literature (Abellán et al. 2007, Hu et al. 2007a, Trovó et al. 2009). C5 
(m/z=172) and C6 (m/z=93) were identified by GC-MS as sulfanilamide and 
aniline, respectively. Moreover, aniline has not been reported as an 
intermediate generated during SMX photocatalytic decomposition, and its 
identification in this research could be crucial as aniline has been classified in 
the list of priority pollutants by most national Environmental Protection 
Agencies owing to its reported mutagenic/carcinogenic effects on human 
health at low concentrations (Brillas and Casado 2002, Yang et al. 2008a). 
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Figure 5-2 Proposed pathway for photocatalytic decomposition of SMX 
5.2.2 Identified intermediates and proposed pathway for TMP 
decomposition 
Six intermediates were yielded and identified by LC-MS-MS during the 
photocatalytic decomposition of TMP (Figure 5.3).  
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Figure 5-3 LC-MS-MS full scan at t=0min (a) and 220min (b) during photocatalytic 
decomposition of TMP (C0=50 ppm, TiO2=0.1 g/L, pH=5.6) 
Figure 5.4 illustrates the decomposition pathway of TMP. The exocyclic 
amino groups of the diaminopyridine ring and bridging methylene group are 
the potential active reaction sites in TMP molecule. In the first pathway, OH
•
 
attacks the reactive bridging methylene group of TMP to undergo oxidation to 
form C4 (m/z=307), bridging methylene group oxidation in TMP molecule by 
other oxidants such as iron complexes which has previously been reported 
(Anquandah et al. 2011a).  C5 with m/z=323 is subsequently formed by 
further hydroxylation of C4 on the trimethoxybenzyl moiety. With further 
(a) 
(b) 
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reaction of C4, a ketone product C6 (trimethoxybenzoylpyrimidine, m/z=305) 
can be formed.  
It has been reported that C6 is the promoter of a series of photoreactions 
involving OH
•
, including hydroxylation, demethylation and finally cleavage of 
the TMP molecule (Sirtori et al. 2010b). Formation of C2 (m/z=341) comes 
from addition of OH
•
 on the trimethoxybenzyl moiety of hydroxylated TMP 
with m/z=325, which was previously reported as a decomposition product of 
TMP in nitrifying activated sludge (Eichhorn et al. 2005). Most of the 
intermediates generated during photocatalytic decomposition of TMP 
maintained the two-ring TMP structure. While, the final cleavage of TMP 
molecule was confirmed by the identification of C1 (m/z=141) and its further 
oxidation product C3 (m/z=139). All the intermediates identified during TMP 
decomposition agreed well with other studies, and the structures proposed in 
the decomposition pathway were further confirmed by MS/MS data match 
with that has been reported in the literature (Anquandah et al. 2011a, Luo et al. 
2012, Sirtori et al. 2010b). 
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Figure 5-4 Proposed pathway for photocatalytic decomposition of TMP 
5.2.3 Semi quantification of generated intermediates 
Semi quantifications of those intermediates identified by LC-MS-MS during 
SMX and TMP decomposition were conducted. The residual amounts of these 
oxidation intermediates were represented by integrated peak areas. As shown 
in Figure 5.5, even though SMX and its hydroxylated compounds (m/z=268 
and m/z=286) completely disappeared after 300 minutes of reaction, the 
residual amount of 3-amino-5-methylisoxazole (m/z=97) kept increasing along 
the reaction time, and just started to drop when SMX was fully decomposed. 
The molecular structure of 3-amino-5-methylisoxazole does not contain the 
sulfonamide group which is responsible for the antibacterial activity. Thus, it 
is suspected that the increased level of 3-amino-5-methylisoxazole would not 
trigger higher level of antibacterial activity in the reaction solution, and this 
hypothesis will be verified by the following antibacterial activity studies.  
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During the decomposition of TMP, all the intermediates remained at a very 
low level comparing to the residual amount of TMP, at the end point of the 
photocatalytic reaction, both TMP and its oxidation intermediates were fully 
removed. While, by comparing the intermediates themselves, it was found that 
during the early stage of TMP decomposition, hydroxylated TMP (m/z=307) 
as well as trimethoxybenzoylpyrimidine (m/z=305) obtained higher residual 
amounts. The stable oxidation intermediates identified indicated that partial 
mineralization happens during SMX and TMP photocatalytic decomposition, 
and the following parts will confirm whether this incomplete mineralization is 
sufficient enough to remove residual antibacterial activity associated with the 
parent compounds. 
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Figure 5-5 Integrated peak areas during photocatalytic decomposition of SMX (a) and 
TMP (b) (C0=50 ppm, TiO2=0.1 g/L, pH=5.6) 
5.3 Residual antibacterial activity after decomposition 
5.3.1 Dose-response relationships during photocatalytic 
decomposition 
As previously mentioned, incomplete mineralization of target antibiotic 
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activity, which might not be favorable for the following treatment process 
especially the biological treatment with high cell density and efficient bacterial 
exchange. Taking SMX as the example, the sulfonamide group of SMX 
molecule plays vital role to activate the antibacterial activity, and it remained 
stable along the photocatalytic decomposition of SMX (Figure 5.2). Thus, the 
efficacy of UV/TiO2 photocatalysis for removing antibacterial activity remains 
unclear. To address this, quantitative in vitro bioassays were performed on 
irradiated SMX and TMP samples to quantify the variation in residual 
antibacterial activity during photocatalytic treatment. 
The growth inhibition data corresponding to the concentration data in Figure 
4.3 is presented in Figure 5.6, where percent growth inhibition (I) of E.coli 
ATCC25922 was plotted against log (dilution, 1/m
n
). m represents the serial 
dilution factor (i.e., 2 in this study) and n represents the number of dilution 
steps in one row (i.e., 5 for the 5
th
 serial dilution). Figure 5.6a shows the dose-
response curve during the decomposition of 1 ppm TMP. To investigate the 
potential synergistic antibacterial effect of SMX and TMP, the growth 
inhibition data corresponding to decomposition of 400 ppb SMX and 400 ppb 
TMP together is illustrated in Figure 5.6b. Both figures showed a shift of the 
corresponding dose-response curves to the right of the respective dose-
response graphs along the reaction time. This indicates that for the dilution 
series obtained at different reaction time, the longer irradiation time, the less 
dilution number of the corresponding dilution series exhibited lower degree of 
bacterial growth inhibition. This finding indicates that UV/TiO2 photocatalysis 
was able to reduce the antibacterial activity of TMP solution and even that of 
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the mixture of TMP and SMX. Though some functional groups in SMX and 
TMP molecules retained during their photocatalytic decomposition, or the 
structure of those intermediates was similar with the parent compounds, their 
residual antibacterial activity did not  become significant due to those minor 
changes of the molecular structure by hydroxylation, substitution and cleavage, 
all these alterations can easily change their surface lipophilicity, ability for cell 
penetration or DNA binding affinity (Alovero et al. 2000, Bohm et al. 2004).  
One point should be noticed is that there was negligible inhibition to the 
reference bacterium by presence of 1 ppm SMX, thus the dose-response curve 
during 1 ppm SMX decomposition is not shown here. This is probably due to 
the concentration of SMX did not reach the minimum inhibitory concentration 
(MIC) to the reference bacterium, and the tested MIC of SMX to E.coli ATCC 
25922 was from 65 to 89 ppm. It is well known that TMP and SMX are 
commonly used in combination due to their synergistic effect (Brogden et al. 
1982), and when 400 ppb SMX was presenting together with 400 ppb TMP in 
the reaction solution, they were able to exhibit over 50% growth inhibition to 
the reference bacterium during the first 6 minutes of photocatalytic 
decomposition. Though the total antibiotics concentration in the mixture 
solution (800 ppb) was lower than that in 1 ppm SMX; the synergistic effect 
between TMP and SMX allowed the mixture to activate certain level of 
antibacterial activity. 
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Figure 5-6 Dose-response relationships for antibacterial activity during photocatalytic 
decomposition of 1 ppm TMP (a) and 400 ppb TMP + 400 ppb SMX (b) (TiO2=0.05 g/L, 
pH=5.6) 
5.3.2 Correlation between residue antibiotics concentration and 
residual antibacterial activity 
The variation of PEQ during 1 ppm TMP decomposition against the removal 
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suggests that as the photocatalytic decomposition of 1 ppm TMP proceeded, 
the PEQ value decreased together with reduced TMP concentration. Moreover, 
it is clearly shown that with every portion of TMP removed, the residual 
antibacterial activity decreased by approximately one portion. Similar results 
were reported in a study conducted by Dodd et al. (2009), where oxidation of 
SMX and TMP by hydroxyl radical resulted in stoichiometric elimination (loss 
of 1 portion of PEQ/1 portion of target antibiotics reduced) of their 
antibacterial activities.  
Figure 5.7b illustrates the changes in PEQ during the decomposition of SMX 
and TMP mixture (400 ppb SMX + 400 ppb TMP). Different from the 
decomposition of 1 ppm TMP, in SMX and TMP mixture the 1:1 
stoichiometric relationship between the PEQ and the residual mixture 
antibiotics concentration was not significant. That is with 1 portion reduction 
of the residue antibiotics concentration, the elimination of the residual 
antibacterial activity seems to be less than 1 portion. The reason could be due 
to the inherent synergistic effects existing between SMX and TMP, which is 
able to retain a relatively higher degree of antibacterial activity. Along the 
photocatalytic decomposition, the residual antibacterial activity of 1 ppm TMP 
and mixture solution were both eliminated with reduced residue antibiotics 
concentration, and the collective antibacterial activity of the intermediates did 
not appear to be significant in comparison with that of parent antibiotics.  
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Figure 5-7 Correlation between potency-equivalent (PEQ) and residue antibiotics 
concentration during photocatalytic decomposition of 1 ppm TMP (a) and 400 ppb 
SMX+400 ppb TMP mixture (b) (TiO2=0.05 g/L, pH=5.6) 
5.4 Acute and chronic toxicity after photocatalytic 
decomposition 
The data of acute (30 min) and chronic (24 hr) toxicity tests during the 
decomposition of 1 ppm SMX and 1 ppm TMP are shown in Figure 5.8a and 
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luminescence emitted from Vibrio fischeri along the photocatalytic 
decomposition process. At the reaction time of 70 min, the photoreactor had 
reached the steady state, but was not able to achieve 100% removal of SMX 
and TMP, and the final concentrations of SMX residue and TMP residue are 
180 ppb and 85 ppb, respectively. Both Figure 5.8a and 5.8b suggest that there 
should be no acute toxicity in SMX and TMP reaction solution during the 
whole decomposition process, as negative inhibition of the luminescence had 
been observed from the beginning of the photocatalytic reaction until the end. 
This negative inhibition is known as hormetic effect (Chapman 2001), which 
is a non-toxic response to low-dose toxic compounds due to bio-stimulation or 
stimulated metabolic activity. According to Deng et al. (2012) and Zou (2013), 
the stimulatory zone of Vibrio fischeri to SMX was from 250 ppb to 4 ppm, 
and to TMP was ranging from 200 ppb to 1.5 ppm. As the tested 
concentrations in this study are within the above-mentioned range, it is 
reasonable to observe negative inhibition of the bioluminescence during the 
photocatalytic decomposition. The reported L(E)C50 values determined using 
Vibrio fischeri to SMX ranged from 16.9 to 118.7 ppm (Ferrari et al. 2004, 
Isidori et al. 2005, Kim et al. 2007) and ranged from 158.8 to 196.6 ppm to 
TMP (Choi et al. 2008). Thus, as expected, exposure to 1 ppm SMX and 1 
ppm TMP, even their related intermediates, the tested bacteria did not suffer 
from acute toxicity.   
However, chronic toxicity may differ a lot from the acute toxicity, especially 
considering the action compound is turning into a mixture of intermediates 
and parent compounds towards the end of the photocatalytic reaction. After 
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24hr incubation, Figure 5.8a and 5.8b clearly demonstrated positive inhibition 
of luminescence (13-20% inhibition) by the end of decomposition. 1 ppm 
TMP itself was able to show chronic toxicity (16-40% inhibition) to the tested 
bacteria, which agrees well with another study (Zou et al. 2012) indicating that 
TMP exhibited higher chronic toxicity than SMX to Vibrio fischeri.  
At the end of decomposition process, the reaction solution consists of various 
intermediates and the corresponding parent compounds. In order to figure out 
which part triggered the observed chronic toxicity, toxicity tests to Vibrio 
fischeri were conducted with SMX residue (180 ppb) and TMP residue (85 
ppb). As shown in Figure 5.8c, there was neither acute toxicity nor chronic 
toxicity to the tested bacteria with presented residual SMX and TMP. This 
result further confirms that the previously observed chronic toxicity in SMX 
and TMP reaction solution could be due to the presence of intermediates. 
Nasuhoglu et al. (2011a) used Daphnia magna to assess 24hr and 48hr chronic 
toxicity of 60 ppm SMX during its UVC/TiO2 photocatalytic decomposition, 
and the results suggested the intermediates formed during the oxidation 
process were generally more toxic than the parent compound. By the end of 
SMX decomposition, the 24hr toxicity increased from 30% to 100%, and the 
48hr toxicity increased from 50% to 100%. To our best knowledge, most 
studies reported reduced or no acute toxicity of the photooxidized SMX and 
TMP, and retained chronic toxicity during photooxidation of high loading 
SMX and TMP. This study suggests that chronic toxicity studies with low-
dose exposure should not be neglected as they are also crucial for the risk 
assessment of a typical photooxidation technology. 
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Figure 5-8 Acute and chronic toxicity to Vibrio fischeri during photocatalytic 
decomposition of 1 ppm SMX (a)， 1 ppm TMP (b) and residual SMX (180 ppb) TMP 
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Considering incomplete mineralization of the target compounds during the 
photocatalytic process, this chapter demonstrates a comprehensive assessment 
of the treated SMX/TMP containing wastewater. Decomposition pathways of 
SMX and TMP have been proposed based on the identified intermediates. The 
changes of residual antibacterial activity during UV/TiO2 photocatalysis were 
quantitatively assessed. The results showed a decreasing residual antibacterial 
activity in the irradiated solution with reduced residual SMX/TMP 
concentrations. By the end of photocatalytic reaction for single and mixture 
antibiotics, the residual antibacterial activity could be fully eliminated. 
Toxicity studies conducted with Vibrio fischeri suggested no acute toxicity 
was generated during the UV/TiO2 photocatalysis of SMX and TMP. While, 
chronic toxicity (13-20% inhibition) induced by intermediates was observed 
towards the end of the reaction process. 
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Chapter 6 Effects of Photocatalysis Treated SMX and TMP 
Containing Wastewater on Antibiotic Resistance Genes 
Development in SBRs 
6.1 Background  
The feasibility of applying UVA/LED/TiO2 photocatalysis for treatment of 
SMX/TMP containing wastewater has been evaluated in last two chapters. The 
proposed photocatalytic system was able to deliver satisfactory elimination of 
the target antibiotics and their associated antibacterial activity with 
controllable residual toxicity. Due to the high cost involved in applying UV 
photocatalysis for wastewater treatment, it is recommended to adopt 
photocatalytic system as a pre-treatment step prior biological treatment 
process. In consideration of this application strategy, the objective of this 
chapter is to access the long term effects of photocatalysis treated SMX/TMP 
containing wastewater on the performance of subsequent sequencing batch 
reactors (SBRs). As mentioned in Chapter 3, five SBR systems (R-Control, R-
SMX, R-TMP, R-TSMX and R-TTMP) were started and fed with different 
types of influent. Investigations on the influence of UVA/LED/TiO2 
photocatalysis treated antibiotics wastewater on carbon and nitrogen removal 
in SBRs were firstly conducted. Subsequently, monitoring and quantifying 
ARGs development in SBRs microbial consortia that have been acclimated to 
treated and untreated antibiotics containing wastewater free from ARGs input 
for over one-year running. Finally, this chapter monitored the horizontal gene 
transfer potential and correlated two important genetic elements (class 1 
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integrons and plasmid transfer) with SMX and TMP resistance genes in the 
SBR systems. 
6.2 SBR performance with different feed waters 
6.2.1 Carbon and nitrogen removal profiles in five SBRs 
After over one year sludge stabilization, R-SMX (100 ppb SMX) and R-TMP 
(100 ppb TMP) were started with the same seeding from R-Control, and they 
were all fed with 112.5 mg/L TOC and 30 mg/L NH4
+
-N for the first 30 days 
to mimic the wastewater with relatively low carbon and nitrogen 
concentrations. Figure 6.1 shows TOC and TN values in daily effluents of the 
five SBRs, during the first 30 days operation, the average effluent TOC and 
TN concentrations were around 3 mg/L and 15 mg/L, respectively. After 
doubling the loading of TOC and TN on day 34, R-Control, R-SMX and R-
TMP reached steady states on day 46. During the next 100 days operation, R-
Control, R-SMX and R-TMP shared similar and stable TOC and TN removal 
profiles (t-test, p>0.05). R-TSMX (treated SMX wastewater) and R-TTMP 
(treated TMP wastewater) were seeded with the sludge from R-Control and 
started on day 148. Their feed water was prepared by mixing corresponding 
photocatalysis treated antibiotics (SMX/TMP) containing wastewater with 
synthetic wastewater in a 1 to 1 volume ratio, which resulted in two times 
dilution of the residue antibiotics and intermediates. The influent TOC and TN 
levels of R-TSMX and R-TTMP remained the same with the other three SBRs. 
According to Figure 6.1, during the last 60 days operation, R-TSMX and R-
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TTMP obtained similar effluent TOC (2-6 mg/L) and TN (15-30 mg/L) levels 
comparing to the other three SBRs (t-test, p>0.05).  
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6.2.2 One-cycle steady state carbon and nitrogen concentration 
dynamics in five SBRs  
To take a more close observation, carbon and nitrogen concentration dynamics 
within one SBR operation cycle during steady states are presented in Figure 
6.2. Due to dilution occurred at the feed step, the detected initial 
concentrations of NH4
+
-N (<60 ppm) and TOC (<225 ppm) in all SBR 
systems were below the influent level. Along the SBR aeration time, NH4
+
-N 
level in five SBRs all decreased rapidly and constantly remained undetectable 
in the daily effluents. As an intermediate during nitrification and 
denitrification process, NO2
-
-N levels were negligible along the aeration time 
and did not accumulate in the effluents of the five SBRs. TN and NO3
-
-N 
levels in five SBRs tended to be stable in the late aeration period without any 
further reduction, which indicates that denitrification process did not occur. 
This is due to lack of anoxic condition during SBR operation. Most influent 
TOC was removed within the first hour of aeration step, the residual TOC 
levels in five SBRs were all below 10 ppm for the next 5 hours aeration. 
Despite of different influent compositions, the five SBRs shared similar 
carbon and nitrogen removal profiles, which further confirm that neither 100 
ppb SMX/TMP addition nor photocatalysis treated SMX/TMP wastewater 
exhibited adverse effects on SBR performance in terms of carbon and nitrogen 
removal.  
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Figure 6-2 Nitrogen and carbon concentration dynamics within one cycle of the five 
SBRs 
6.3 ARGs development in five SBRs 
6.3.1 ARGs removal after one year sludge stabilization  
SMX (sulI, sulII, sulIII) and TMP (dfrII, dfrV, dfr13) resistance genes were 
firstly screened in a freshly collected activated sludge in Feb-2013, all target 
genes were detected and sulI gene possessed the highest abundance. After one 
year sludge stabilization in R-Control without any antibiotics input, sulIII, 
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detectable with reduced level in the stabilized sludge (Table 6.1 and Figure 
6.3). R-SMX and R-TMP were started after sludge stabilization in Apr-2014, 
followed by startup of R-TSMX and R-TTMP in Sep-2014. After 8 months 
addition of 100 ppb SMX/100 ppb TMP and 3 months input of photocatalysis 
treated SMX/TMP wastewater, screening of target ARGs in five SBRs was 
conducted for six times during Jan-2015, and all the data sets showed similar 
ARGs profiles (Table 6.1). sulI and sulII genes were detected in all SBRs 
microbial consortia,  dfrV gene was only detectable in R-TMP, sulIII, dfrII 
and dfr13 genes did not recover in any SBR regardless of continuous addition 
of SMX and TMP. 
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Table 6-1 ARGs quantification in fresh activated sludge, stabilized sludge and five SBRs 
after 8 months operation  
    Gene copies/ 16Sr RNA gene copies   
Extracted DNA 
Samples 











1.55E-02 1.94E-05 - - 1.04E-05 - 
- 
2-Jan-2015 
Control 2.68E-01 1.00E-04 - - - - 3.09E-05 
SMX 9.64E-01 1.61E-01 - - - - 1.27E-02 
TMP 2.51E-01 2.30E-03 - - 2.80E-03 - 2.65E-03 
TSMX 2.77E-02 1.70E-03 - - - - 1.86E-06 
TTMP 3.27E-01 5.10E-03 - - - - 3.00E-04 
7-Jan-2015 
Control 3.56E-01 1.70E-03 - - - - 2.00E-04 
SMX 3.87E-01 1.27E-01 - - - - 2.31E-03 
TMP 5.11E-01 1.77E-02 - - 9.00E-04 - 5.38E-04 
TSMX 6.72E-02 3.11E-02 - - - - 1.59E-06 
TTMP 2.61E-01 9.90E-03 - - - - 1.07E-03 
12-Jan-
2015 
Control 1.18E+00 1.73E-02 - - - - 1.52E-02 
SMX 2.30E+00 3.49E-01 - - - - 3.90E-02 
TMP 8.22E-01 1.72E-02 - - 9.00E-04 - 1.24E-02 
TSMX 4.73E-02 4.43E-02 - - - - 1.85E-06 
TTMP 6.28E-02 4.51E-02 - - - - 2.41E-04 
15-Jan-
2015 
Control 4.29E-01 2.80E-03 - - - - 2.42E-04 
SMX 6.51E-01 5.07E-01 - - - - 9.32E-04 
TMP 4.35E-01 1.05E-02 - - 4.90E-03 - 6.17E-04 
TSMX 1.93E-01 6.79E-02 - - - - 2.20E-07 
TTMP 5.99E-02 2.61E-02 - - - - 4.95E-05 
19-Jan-
2015 
Control 3.15E-01 7.90E-03 - - - - - 
SMX 2.09E+00 3.25E-01 - - - - 1.64E-02 
TMP 1.73E-01 1.40E-03 - - 5.64E-05 - 6.78E-04 
TSMX 1.15E-01 6.99E-02 - - - - - 
TTMP 2.55E-01 2.59E-02 - - - - 1.97E-05 
21-Jan-
2015 
Control 1.21E-01 4.90E-03 - - - - 1.68E-04 
SMX 5.18E-01 8.03E-02 - - - - 1.17E-02 
TMP 3.03E-01 1.30E-03 - - 1.00E-04 - 3.26E-04 
TSMX 1.12E-01 3.75E-02 - - - - - 
TTMP 2.18E-02 1.13E-02 - - - - 2.09E-05 
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Figure 6-3 Comparison of quantified ARGs in fresh activated sludge and stabilized 
sludge 
6.3.2 Quantified ARGs levels in five SBRs during half year monitoring 
ARGs monitoring in the five SBRs was continued until June of 2015, for easy 
comparison of sulI, sulII and dfrV genes absolute abundance, quantified ARGs 
copies in January, March, April, May and June 2015 were normalized to 16S 
rRNA gene copies in order to account for differences in background local gene 
abundances and DNA extraction efficiencies. Data are presented in 
logarithmic form in Figure 6.4. In all data sets, selective pressure exerted by 
100 ppb SMX only exhibited limited enhancement of sulI generation in R-
SMX, as sulI gene was detected in all five SBRs with almost similar quantity. 
Moreover, sulI gene was constantly observed with the highest abundance, and 
due to its persistence, controlling of SMX input was not able to achieve 
satisfactory reduction of sulI level in R-TSMX.  The persistency of sulI gene 
was also reported by Bean et al. (2005), with 97% reduction in usage of 
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still comparable to that in 1991 (16.4%).  This fact could be explained as the 
sulI gene is typically associated with class 1 integrons located in mobilized 
broad-host-range plasmids that can disseminate very efficiently in the 
microbial consortia (Gao et al. 2012, Sköld 2000). 
sulII gene showed various occurrence in the five SBRs, continuous addition of 
100 ppb SMX significantly promoted sulII development in R-SMX, resulting 
in the highest quantified sulII level in R-SMX for all data sets. R-TSMX 
together with R-TMP and R-TTMP obtained similar and relatively lower 
levels of sulII gene in their microbial consortia, but higher level of sulII gene 
than R-Control in Jan-2015. As R-Control was operated with zero selective 
pressure, slightly promoted generation of sulII gene in R-TSMX could be due 
to the retained selective pressure in photocatalysis treated SMX wastewater. 
However, data sets in next four months demonstrated similar or even lower 
amount of sulII gene in R-TSMX when comparing with R-Control, which 
suggests successful inhibition of sulII generation by controlling of SMX input. 
During the half year ARGs monitoring, dfrV gene was only detectable in R-
TMP with relatively low abundance, and it had being constantly disappeared 
from the other four SBR systems. Based on this information, it was confirmed 
that photocatalysis treated TMP wastewater did not trigger any development 
of TMP resistance in R-TTMP.  By the end of sludge stabilization, dfrV gene 
still had extremely low abundance in R-Control (stabilized sludge), and it 
disappeared from R-Control after 8 months. The data presented in Table 6.1 
might suggest that for different type of developed ARGs, their required 
disappearing period under zero selective pressure condition could vary, one-
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year sludge stabilization was enough for sulIII, dfrII, dfr13 genes to disappear 
from R-Control, while, dfrV gene took a longer time, sulI and sulII genes 
never disappeared or even reduced in the control reactor. This information 
may reflect the persistence of the six ARGs in SBR microbial consortia, in an 
order of sulI>sulII>dfrV>sulIII, dfrII and dfr13.  
 
Figure 6-4 sulI, sulII and dfrV genes levels in five SBRs during six months operation 
Antibiotics have long been recognized as a driving force for ARGs 
development in microbial communities, either by exerting selective pressure, 
or by stimulating the transfer of mobile elements which are responsible for 
corresponding ARGs dissemination (Beaber et al. 2004, Showsh and Andrews 
1992).    With continuous exposure to 100 ppb spiked SMX for over one year, 
sulII gene obtained more significant development in R-SMX microbial 
consortia when comparing to sulI gene. This is because the absolute 
abundance of sulII gene in Jan-2015 was 13301 times higher than that in the 
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74 times. Similar situation occurred in R-TSMX, treated SMX wastewater 
with reduced selective pressure achieved much higher removal efficiency of 
sulII gene than sulI gene. The amount of sulII gene was 73 times lower in R-
TSMX comparing to R-SMX, and sulI gene was only reduced by 2 times. 
Previous studies have shown that sulI and sulII genes may associate with 
different mobile genetic elements for their transfer purpose, and this could be 
the reason why these two ARGs responded differently under the same 
selective pressure. sulI gene was typically associated with class 1 integrons 
(Aminov and Mackie 2007), and sulII genes was often found on a broad host-
range of plasmids (Smalla et al. 2000). Variation of selective pressure may 
affect the expression of these two genetic elements to different extent, 
resulting in distinct behavior of sulI and sulII genes in terms of their 
development and reduction.   Following parts of this study mainly focus on 
class 1 integrons and plasmid transfer with different SBR operation condition 
as well as their correlation with the levels of sulI and sulII genes.  
6.4 Transfer mechanisms of sulI and sulII genes 
6.4.1 Presence of class 1 integrons gene intl1 in five SBRs and its 
correlation with the levels of sul genes  
The class 1 integrons gene intl1 was monitored in five SBR systems during 
January of 2015, the normalized gene copies of sulI, sulII and intl1 are shown 
in Figure 6.5. Selective pressure exerted by 100 ppb SMX achieved more 
significant promotion of intl1 gene than 100 ppb TMP, as intl1 gene presented 
with much larger amount in R-SMX comparing to R-TMP. Meanwhile, 
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controlling of SMX and TMP input achieved around 3 log and 1 log unit 
removal of intl1 gene in R-TSMX and R-TTMP, respectively. The quantity of 
sulI and intl1 genes in R-SMX was both approximately 3 times above the 
average level in the other four reactors, while sulII gene exhibited much 
greater difference of 40 times higher in R-SMX comparing to the average 
level in the other four reactors. According to Figure 6.5, the developments of 
sulI and intl1 genes in R-SMX were enhanced with a similar extent, and they 
also exhibited similar detection pattern in the five SBRs.  These are expected 
since both intl1 and sulI genes are found in the conserved region of class 1 
integrons, and the whole integron/gene cassettes system acts as an important 
carrier for sulI dissemination in the environment (Bennett 2008). Regression 
analysis of 21 data sets was conducted between intl1 and individual sul genes 
(sulI and sulII) in terms of their quantities in the five SBRs. Figure 6.6 
suggests a significant correlation between intl1 and sulI genes at the level of 
p<0.01 (r=0.94), and sulII associated with intl1 in a poorer correlation (r=0.44, 
p=0.045). These results agree well with other studies, which indicate the 
environmental presences of sulI and intl1 genes usually correlate well with 
each other (Chen et al. 2015, Ma et al. 2011). 
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Figure 6-6 Correlation between the absolute abundance of intl1 and sul genes in five 
SBRs 
The class 1 integrons play an important role in horizontal gene transfer, it is 
reported to carry one or more gene cassettes that may encode with multiple 
antibiotics resistance (Hall and Collis 1998). The present study demonstrates 
that development of intl1 gene is positively related with the presented 
selective pressure. Control of active antibiotics is able to inhibit intl1 gene 
generation. Besides, selective pressure exerted by different antibiotics may 
trigger various responses from intl1 gene, in this case, 100 ppb SMX promoted 
intl1 generation more significantly than 100 ppb TMP.   
Good correlation between sulI and intl1 genes suggests that dissemination of 
sulI gene in the environment may closely associate with intl1 gene, and sulI 
will consistently become more abundant with the enrichment of intl1. sulII 
gene has not been reported in the sequence of class 1 integrons, while they 
may both be imbedded in the same mobile genetic elements (e.g., plasmids) 
(Cain et al. 2010). Thus, sulII gene may partially correlate with intl1 gene in 
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certain ARGs dissemination potential, and control of the right or right groups 
of active antibiotics would be crucial for preventing ARGs development.   
6.4.2 Plasmid transfer rate in five SBRs and its correlation with sul 
genes  
Plasmids are considered as a major player in ARGs dissemination (Hawkey 
and Jones 2009). The transfer efficiency of a certain plasmid could be affected 
by numerous environmental factors such as temperature, pH, nutrient 
conditions, agitation and presence of suspended matter (Inoue et al. 2005, 
Soda et al. 2008). IncP-1β plasmid pB10 was selected as the model due to its 
reported adaptability in the activated sludge environment and high conjugation 
efficiency (Droge et al. 2000b). The dissemination and/or the persistence of 
pB10 and its carrier E.coli DH5α in five SBRs was investigated, qPCR 
quantifications of their corresponding sequence fragments were conducted for 
five days after the inoculation.  
According to Figure 6.7, in all SBR systems, the amount of DH5α DNA firstly 
increased to maximum in 48hr followed by a decline in 72hr and became 
undetectable afterwards. Plasmid pB10 seemed to keep the same variation 
pace with DH5α DNA, expect for its presence in R-SMX. During the whole 
testing period after inoculation, pB10 acquired the highest abundance in R-
SMX, and it still remained detectable after 96hr, when E.coli DH5α was 
totally disappeared from R-SMX. Considering conjugation happens 
intercellularly, any conjugative transfer shall be reflected by increasing ratio 
between plasmid and carrier bacteria. Conversely, without any conjugation 
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event, the ratio between plasmid and donor should remain stable. In the 
microbial consortia of R-SMX, the relative abundance of pB10 to DH5α DNA 
kept increasing until 72hr, and during the following 2 days, pB10 was still 
detectable in absence of DH5α chromosomal DNA indicating pB10’s invasion 
to the indigenous population. In the other four SBR systems, pB10 either 
persisted with stable ratio with DH5α DNA (R-TTMP), or disappeared 
together with the donor bacteria strain, which suggests that transfer of plasmid 
pB10 was not successfully promoted in R-Control, R-TMP, R-TSMX and R-
TTMP. 
Both sulI and sulII genes are plasmid-borne sulfonamide resistance genes, sulI 
gene is normally found associated with class 1 integrons, while sulII gene is 
usually located on small plasmids of the IncQ family and also on plasmids of 
another type represented by pBP1(van Treeck et al. 1981). Even though these 
two ARGs are both transferred through horizontal gene transfer, due to 
different associated mobile element, their expression under the same selective 
pressure could be different.  
After inoculation of E.coli DH5α into the five SBRs, amounts of sulI and sulII 
genes were also quantified during the testing period (Figure 6.7). Expressions 
of sulI gene in five SBRs along the inoculation time did not obviously match 
with the expression pattern of pB10. In most of time, R-SMX acquired 
relatively higher amount of sulI gene followed by R-TSMX, the absolute 
abundance of sulI gene in R-SMX kept stable along the inoculation time. 
Limited inhibition of sulI generation in the other four SBR systems was 
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observed, even though the tested pB10 transfer activity in their microbial 
consortia was very low. Unlike sulI gene, sulII gene expressed similar pattern 
with pB10 in terms of their detected level in R-SMX along the inoculation 
time. With ineffective pB10 transfer, the expressions of sulII gene in R-
Control, R-TMP, R-TSMX and R-TTMP were also significantly inhibited. 
Conversely, with promoted pB10 transfer in R-SMX, sulII gene constantly 
obtained highest abundance in its microbial consortia during the five days 
testing.  
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Figure 6-7 The absolute abundance of pB10 (a), DH5α (b), sulI (c) and sulII (d) genes in 
five SBRs along the inoculation time 
By conducting regression analysis of 31 data sets, Figure 6.8 suggests that 
sulII gene correlated well with pB10 (r=0.87, p=2.442E-10) in terms of their 
presence in the SBR systems, and sulI gene associated with pB10 in a poorer 
correlation (r=0.26, p=0.15). As previously mentioned, sulI is located at the 
converse region of class 1 integrons, and integrons are common in various 
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Collis 1995, Partridge et al. 2009). Being one major mobilizable genetic 
element for bacterial conjugation, transposon may also play a role for sulI 
dissemination (Salyers et al. 1995). Thus, even there were inhibited plasmid 
transfer in R-TSMX and R-TTMP, sulI gene was not effectively removed 
from R-TSMX and R-TTMP due to its inherent persistence and alternative 
transfer mechanism. Positive correlation between sulII gene and pB10 reveals 
that with different selective pressure these two components may perform 
similarly in terms of their abundance variation. Although sulII gene does not 
associate with pB10, data about efficient pB10 transfer in R-SMX reflects that 
there could be higher plasmid transfer rate with 100ppb SMX input. 
Furthermore, sulII gene is a plasmid-borne resistance gene, and both sulII 
gene dissemination and plasmid transfer rate were accelerated in R-SMX, 
which suggests that efficient plasmid transfer might promote sulII gene 
generation.   
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Figure 6-8 Correlation between the absolute abundance of pB10 with sul genes in five 
SBRs 
6.5 Summary 
During the long term operation and monitoring of the five SBR systems, 
effluent quality data revealed that carbon and nitrogen removal in the SBRs 
were not negatively influenced by those residue antibiotics and intermediates. 
In the aspect of ARGs dissemination, the treated SMX and TMP wastewaters 
did not promote any generation of their corresponding resistance genes. 
Furthermore, an over one year monitoring demonstrated that controlling SMX 
and TMP input achieved significant removal of sulII and dfrV genes from the 
SBR systems. Different ARGs may possess distinct persistence, and in this 
part of study, sulI was identified as the most persistent ARG existing in the 
SBR microbial consortia. Controlling SMX and TMP input effectively 


















































pB10/16Sr RNA gene copies 
sul I
sul II
sulI r(30)=0.265828 P=0.148345 
sulII r(30)=0.868437 P=2.442E-10 
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The presence of class 1 integrons and pB10 correlated well with sulI and sulII 
genes, respectively. Due to the strong persistence, removal of sulI gene was 
not sufficient in SMX free SBRs, while sulII gene was significantly removed 
in the SBR system which was fed with photocatalysis treated SMX wastewater.  
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Chapter 7 Conclusion and Recommendation  
7.1 Conclusions 
Antibiotics have been regarded as one predominant group of emerging 
environmental pollutants, and wide dissemination of antibiotic resistance is a 
major concern associated with these antibiotics residues. It is crucial to control 
the flow of active antibiotics in order to reduce ARGs promotion. 
Photocatalytic process is capable to achieve efficient removal of various 
antibiotics. However, due to its well-known drawback of partial mineralization 
in water and wastewater treatment it is recommended to apply photocatalytic 
process as a pre-treatment step prior biological treatment process. Since 
hospital wastewater has been identified as an important point source for 
antibiotics emission into the environment, on-site photocatalytic treatment of 
hospital wastewater stream before its merging into WWTPs will effectively 
reduce the antibiotics emission and ARGs generation. In the aspect of UV 
photocatalysis, the most applied UV radiation sources are traditional mercury 
UV lamps, which lead to high energy consumption, low operation stability and 
limited design flexibility. Adoption of UV/LED lamps seems to be a possible 
way to break these limitations for wider application of photocatalytic process 
in water and wastewater treatment. In the aspect of subsequent biological 
process, the treated antibiotics containing wastewater may inhibit normal 
biological activities and therefore adversely affect the system performance.  
The mixture of antibiotic residues and intermediates may significantly 
promote ARGs development in the biological treatment unit. Based on this 
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rationale, this thesis has conducted an in-depth evaluation of applying LED 
driven UVA/TiO2 photocatalysis as a pre-treatment technology for antibiotics 
removal in simulated hospital wastewater, as well as the impacts of treated 
antibiotics containing water on antibiotic resistance development in 
subsequent biological process. 
In the first part of this study: 
 A new continuous photoreactor design with an configuration was proposed, 
the UV/LED chips were evenly distributed around a cylindrical reactor to 
provide a uniform distribution of UV light to the sample solution. 
 The continuous photoreactor was able to achieve constant removal of 400 
ppb SMX and TMP by more than 90%.  
 Removal rate of SMX and TMP both tended to decrease with higher 
antibiotics concentration and lower TiO2 loading. Higher system flow rate 
resulted in lower decomposition efficiency due to reduced UV dose within 
the photoreactor. SMX was much easier decomposed in acidic condition, 
while pH affected little on TMP’s decomposition. 0.003% was found to be 
the optimum H2O2 loading for decomposition efficiency enhancement.  
 The final mineralization efficiency was below 50%, which indicated that 
intermediates had been generated during this photocatalytic process. 
In the second part of this study: 
 Six intermediates were identified during SMX decomposition, and the 
same amounts of intermediates were identified during TMP decomposition. 
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Aniline was identified as a new intermediate generated during SMX 
decomposition. 
 Decreased antibacterial activity was detected with reduced antibiotics 
concentration, which suggested that UV photocatalytic process was able to 
eliminate antibacterial activity along the irradiation time.  
 Synergistic effect between SMX and TMP was detected according to the 
retained antibacterial activity of the mixture of SMX and TMP.  
 No acute toxicity was generated during the UV/TiO2 photocatalysis of 
SMX and TMP. While, chronic toxicity was observed towards the end of 
the reaction process, and it was due to the presence of generated 
intermediates. 
In the final part of this study: 
 TOC and TN removal in the SBRs were not negatively influenced by 
residue antibiotics and intermediates in the photocatalytic treated 
wastewater.  
 SMX resistance genes (sulI, sulII and sulIII) and TMP resistance genes 
(dfrII, dfrV and dfr13) were continuously quantified in SBRs microbial 
consortia. Controlling SMX and TMP input successfully inhibited the 
generation of sulII and dfrV, and photocatalytic treated wastewater did not 
promote any ARGs generation in the SBR systems.  
 sulI gene was identified as the most persistent ARG existing in the SBR 
microbial consortia, and elimination of SMX prior SBR system was not 
able to reduce sulI level.  
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 Controlling SMX and TMP input effectively inhibited the expression of 
class 1 integrons and plasmid pB10 transfer. The presence of class 1 
integrons and plasmid pB10 correlated well with sulI and sulII genes, 
respectively.  
Considering as a whole, the present study suggests that UV photocatalysis 
might be a feasible pre-treatment technology for antibiotics removal in 
hospital wastewater streams. 
7.2 Limitations and recommendations 
This thesis focused on using UVA/LED/TiO2 photocatalysis as a pre-treatment 
step for antibiotics removal in simulated hospital wastewater. Systematic 
studies were conducted to comprehensively evaluate the feasibility of this 
application. Unfortunately, limitations of applying UV/LED photocatalytic in 
water and wastewater treatment do exist, and they shall be well addressed 
together with recommendations. 
Scale-up of the photocatalytic system is limited by the light transport 
efficiency from the source to the reaction point. Deduction and consumption 
of light energy during real operation process could occur due to high turbidity, 
catalyst scattering, volumetric light absorption and so on. For large scale 
industrial application of photocatalytic process, there is still lack of 
photocatalytic reactor design to well address even radiation distribution and 
efficient light transport. It is suggested to consider more on reactor design in 
future works. 
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The photocatalytic processes in this thesis were conducted with synthetic 
wastewaters. Studies on photocatalytic process conducted with real 
wastewater should be included in the future works. In that case, for 
photocatalytic system optimization, besides the factors have been discussed in 
this thesis, other operational conditions should also be investigated for their 
effects on the photocatalytic decomposition of the target antibiotics. These 
may include water turbidity, presence of radical scavengers, NOM, co-
existence of various antibiotics, co-existence of antibiotics and microorganism 
and so on.  
This thesis only focused on two antibiotics (sulfamethoxazole and 
trimethoprim). According to many studies on antibiotics occurrence in the 
aquatic environments, antibiotics normally co-exist with each other, and they 
stay in the environment as a form of complex mixtures. These antibiotics 
mixtures may behave very differently from one single antibiotic, they could 
poses more severe threat to the organisms in terms of antibacterial activity and 
toxicity. Thus, treatment of antibiotics mixtures by photocatalytic process 
should be conducted; even effective removal can be achieved, efforts should 
also be made to access the residual antibacterial activity and toxicity after the 
treatment process.  
New types of ARGs have being continuously generated along the history of 
antibiotics application. It is normal for one antibiotic to trigger various types 
of ARGs, and when talking about antibiotic resistance, we are facing a huge 
number of antibiotic resistance genes with continuous genetic variation and 
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constant adaptation ability. To confirm that photocatalytic treatment of 
antibiotics containing wastewater could reduce ARGs generation in the 
subsequent SBR systems, this thesis monitored three SMX ARGs (sulI, sulII, 
sulIII) and three TMP ARGs (dfrII, dfrV, dfr13), which were just a small tip 
of the iceberg. The resistance mechanism of ARB to SMX and TMP is mainly 
antibiotic-alteration, in the future works, it is recommended to include more 
antibiotics and their corresponding ARGs with different resistance mechanism, 
such as tetracycline (tet genes), macrolides (ere, erm genes) and β-lactams 
(oxa, cmy genes) antibiotics. Besides antibiotic-alteration, tetracycline, 
macrolides and β-lactams resistance also cover the other two antibiotics 
resistance mechanisms: antibiotic-efflux pump and antibiotic-inactivation. 
Moreover, similar with SMX and TMP, these antibiotics have been widely 
used for decades, their residues and corresponding ARGs are constantly 
detected in the aquatic environment.  
In conclusion, since antibiotics became widely available in the 1940s, 
antibiotic resistance has been developed with each passing decade. Bacteria 
that defy not only single but multiple antibiotics are extremely difficult to treat 
and have become increasingly common. Certain strains of the bacteria species 
(Enterococcus faecalis, Mycobacterium tuberculosis, and Pseudomonas 
aeruginosa) no longer respond to any antibiotics and produce incurable 
infections. Without a proper control, antibiotic use itself could be a public 
health crisis. In the aspect of water and wastewater treatment, more efforts are 
required to achieve stable and systematic control of antibiotic resistance in the 
water cycles. 
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